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PEEFACE 


The chief aim of the first edition of this bool 
elementary physics in such a way as to stimulate 
some thinking on his own account about the ho\ 
the physical world in which he lives. With this 
abandoned the formal, didactic method so large 
the preceding decade. In place of it we used t 
uniformly started with some simple experimen 
known phenomenon. The consideration of he 
pened was then followed by a discussion of w 
definitions being in general inserted only aft< 
them had been felt by the pupil. Finally, a c 
set of questions and problems following each da 
than each chapter, led the student to find for hin: 
tions between the phenomenon in hand and otb 
penings. Such a* method led inevitably to the 
of the apparently disconnected facts of physic 
great underlying principles, such as the kim 
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and of electricity would be precisel 
sunset as merely observable facts 
their interpretation in the light of 

In the present revision our forn 
tained. In addition, we have aimed 
thoroughly up to date, and to im 
seemed desirable. The most impo 
as follows: 

(1) The approach to the subjecl 
more simple and more interesting 
on force and motion until after t 
nating phenomena of liquids and 

(2) The treatment of force and 
ably simplified. 

(3) The book has been shorten* 
order to give opportunity for an exi 
the course. 

(4) A carefully selected list of : 
lems has been inserted at the end. 

(5) The absolute units have bee 
than in the first edition; for examj 
are defined in this edition in terms c 
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(10) The portraits of some of the most emit 
physicists have been inserted, as well as thos 
pioneers of the science. 

The frontispiece illustrates the combinatio: 
applied physics, which is the guiding principle 
For the sake of indicating in what directions 
be made if necessary, without interfering w 
paragraphs here and there have been thrown 
These paragraphs will be easily distinguished 
room experiments, which are in the same type 
the most part descriptions of physical appliano 
Some teachers prefer to have the chapter 
ference (X) follow immediately after the cl 
mometry and expansion (VII). This order is 
to the authors as that given. 

It is quite impossible for us to make suita 
of the assistance which has been derived frc 
which have been sent to us from all over the 
We owe an especial debt, however, to H. Clyd 
Milwaukee; Willard R. Pyle, of New York ; "V 
and Edwin S. Bishop, of Chicago. 


The University of Chicago 


K. 
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A FIRST COURST 
PHYSICS 

CHAPTER I 

MEASUREMENT 

Fundamental Units 

1. Introductory. A certain amount of k 
familiar things comes to us all very early ii 
almost unconsciously, for example, that sto] 
loons rise, that the teakettle stops boiling 
from the fire, that telephone messages travel 
rents, etc. The aim of physics is to set us t 
how and why such things happen, and to . 
acquaint us with other happenings which v 
noticed or heard of previously. Most of our 
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first problem in physics is then to 1< 
the units in terms of which all our ] 
expressed. 

2. The historic standard of length 

nations have at some time employed 
name of which bore the same signifi 
English. There can scarcely be any d( 
each country this unit has been derivi 
the human foot. It is probable that in 1 
(a unit which is supposed to have r 
of the arm of King Henry I) became < 
ard, the foot was arbitrarily chosen 
standard yard. In view of such an orig 
no agreement existed among the uni 
countries. 

3. Relations between different units 

been true, in general, that in a given 
units of length in common use, such 
inch, the hand, the foot, the fathom, t 
have been derived either from the lem 
bers of the human body or from equ 
tudes, and in consequence have beer 
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5. Origin of the metric system. At the tim 

Revolution the extreme inconvenience of exist 
measures, together with the confusion arising 
different standards in different localities, le 
Assembly of France to appoint a commission t 
logical system. The result of the labors of 1 
was the present metric system, which was intro< 
in 1793, and has since been adopted by the 
most civilized nations except those of Great 
United States; and even in these countries its 
work is practically universal. 

6. The standard meter. The standard leng\ 
system is called the meter . It is the distance, 
temperature, between two transverse 
parallel lines ruled on a bar of platinum- 
iridium (Fig. 1), which is kept at the 
International Bureau of Weights and 
Measures at Sevres, near Paris. 

In order that this standard length 
might be reproduced if lost, the com¬ 
mission attempted to make it one ten- 
millionth of the distance from the 
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7. Metric standard capacity. The 
is called the liter. It is the volume of 
of a meter (about 4 inches) on a side, 
1000 cubic centimeters (ce.). It is e< 
A liter and a quart are therefore, rout. 

8. The metric standard of mass, 
connection between the unit of long 
the commission directed a committee 
to prepare a cylinder of platinum \vh 
weight as a liter of water at. its tempo] 
namely, 4° Centigrade (40° Kahrenhe 
of this cylinder made of platinum-irf 
with the standard meter, now roprost 
in the metric system. If is (allied th 
is equivalent to about 2.2 pounds. () 
mass was adopted as the fundament 
named the t/ram. For practical pur} 
uiat/ he taken ax etjual to the maxx o f on< 

9. The other metric units. The th 
metric, system ■ tint meter, the lito 
decimal multiples and submultiplej> 
length, volume, or mass is eoniteeh 


FUNDAMENTAL UNITS • 

10. Relations between the English and met 
following table gives the relation between the 
English and metric units. 


1 inch (in.) 

= 2.54 cm. 

1 cm. = .39 

1 foot (ft.) 

= 30.48 cm. 

lm. =1.0 

1 mile (mi.) 

= 1.609 km. 

1 km. = .62 

1 sq. in. 

= 6.45 sq. cm. 

1 sq. cm. = .15 

1 sq. ft. 

= 929.03 sq. cm. 

Isq. m. =1.1 

1 cu. in. 

= 16.387 cc. 

1 cc. = .06 

1 cu. ft. 

= 28,317 cc. 

1 cu. m. =1.3 

1 qt. 

= .9463 1. 

11. =1.0 

1 grain 

= 64.8 mg. 

1 g. = 15. 

1 oz. av. 

= 28.35 g. 

1 g. = .03 

1 lb. av. 

= .4536 kg. 

1 kg. = 2.2 


This table is inserted chiefly for reference 
tions 1 in. = 2.54 cm., 1 m. = 39.37 in., 1 kilo 
1 km. = .62 mi., should be memorized. Portion* 
and of an inch scale are shown together in Fi£ 

centimeter 

0 1 2 3 4 5 6 



Now il is found that just 
volume e.an be red need to me 
termination of any measurable 
in a steam boiler, the. velocity 
of electricity consumed by ai 
magnetism in a magnet, etc., < 
urements of length, mass, ai 
the and the seeond are < 

units. Whenever any measur 
equivalent in terms of eon tin 
said, for short, to be express* 
Second) units. 

13. Measurement of lengtf 
body (consists simply in comp: 
standard meter bar kept at the 
that this may be done con von 
the same length as this stain 
and scattered all over the wor 
sticks. They are. divided into 
groat care being taken to ha 
same length. The method of r 
a bar is more or less familiar 

14. Measurement of mass. 


FUNDAMENTAL UNITS 


as many of the standard masses as are requi 
pointer back to 0 again. The mass of the l 
the sum of these standard masses. This is 
correct method of making a 
weighing, and is called the 
method of substitution . 

If a balance is well con- / 1 

structed, however, a weighing I 1 
may usually be made with suffi- / 1 

cient accuracy by simply plac- I \ 

ing the unknown body upon / 1 £ 

one pan and finding the sum s a ) 

of the standard masses which Fig 3 Tbe 
must then be placed upon the 
other pan to bring the pointer again to 0. T 
method of weighing. It gives correct results 
when the knife-edge C is exactly midway bet 
of support m and n of the two pans. The met 
tion, on the other hand, is independent of the 


knife-edge. 


QUESTIONS AND PROBLEMS 


8 


MEASE 1< 


I)KN! 

15. Definition of density. \Y 
substances, such as lead, wood, 
manner described abov(\ they a; 
ent masses. The. term ff densit 
of unit volume of a substance. 

Thus, for example, in the Ei 
the unit of volume, and the poun< 
foot of water is found to weigh ( 
English system the densit i/ of tea 

In the CUES. syst(*m the on 
unit of volume, and the grain a." 
say that in this system the dt 
cubic centimeter, for it will be i 
taken as the. mass of 1 cubic 
otherwise expressly stated, den: 
stood to nman density in (UbS 
substance is the mu an in (fra ms <> 
stance. For example, if a block 
long, and 1 cm. thick weighs 
24 ce. in the block, the mass o 
equal to 1 or 7.4 g. per et 
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Densities of Liqu 

(In grams per cubic centiir 

Alcohol . . . ..70 ITydrc 

Carbon bisulphide .... 1.20 Meren 

Glycerin.1.20 Olive' 

16. Relation between mass, volume, 

volume of a body is equal to the numl 
which it contains, and since its dens 
number of grams in 1 cubic centimeter, 
number of grams which it contains, inn 
its volume times its density. Thus, if t 
and if the volume of an iron body is 1 
body in grams must equal 7.4 x 100 = 
relation in the form of an equation, 1c 
of a body, that is, its total number of gr 
is, its total number of cubic centime! 
that is, the number of grains in 1 cul 

y,=f. 

This equation merely states the ( 
algebraic form. 

17. Distinction between density an 




ill the English system the density < 
cubic foot (7.4 X 62.4), since we hav 

62.4 pounds pen* cubic font, and iron 
as an equal volume of water. 

Since we shall henceforth use 1 the t 
exclusively density in the ( \( l .S. syst 
little further use in this book for the* 

QUESTIONS AND PRC 

1. Tf a wooden beam is *‘50 x 20 x boo < 
what is the density of wood? 

2 . Would you attempt, to carry home : 
peck measure ? (Consider a peek equal to 

3. What is the mass of a liter of aieol 

4. IIow many cubic, centimeters in a b 

5. What is the weight in metric ton•; 
edge? (A metric ton is 1000 kilos, or aboti 

6. Find the volume in liters of a 1 

45.5 kilos. 

7 . Find the density of a steel sphere 
32.7 g. 

8. One kilogram of alcohol is poured i 

fills it to a depth of 8 cm. Find the cross s 
, 9. A capillary glass tube weighs .2 g. 

long is drawn into the tula*, when it is foi 
cross section of the. capillary tube. 

10 . Find the length of a lead rod 1 cm. in 

* Laboratory exercises <m length, mass, and 
accompany or follow I his chapter. See, for e\nn 
the authors’ manual. 


CHAPTER II 


PRESSURE IN LIQUIDS 

Liquid Pkesruiik beneath a Free 

18. Force beneath the surface of a liquid. 

scious of tlie fact that in order to lift a kiloj. 
must exert an upward pull. Experience hat: 
the greater the mass, the greater the force 
exert. In fact, the force is commonly taker 
equal to the mass lifted. This is called the i 
a force. A push or pull which is equal to that 
port a gram of mass is called a gram of force. 

To investigate the nature of the forces beneath 
a liquid, we shall use a pressure gauge of the. form s 
the rubber diaphragm which is stretched across the 
tube A is pressed in lightly with the linger, the tin 
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If water is poured in at s so 11ia 
the pressure to the left at. o beeoi 
sure to the right at c , and a How < 
left until the heights are again eq 

It follows from these observat 
on the level of water in eonneefed 
sels that the pressure beneath the 
faar of a liquid depend, s* si m pi if on 
vertical depth beneath the free surf 
and not at all on the si,re or shop 
the vessel 

QUESTIONS AND P 

1. Tf the areas of the surfaees All 
same, and if water is poured into each \ 
same height above .1 />*, how will the dow i 
compare, with that in Fig. S, (1)? Test 
your answer, if possible, by making A 11 a 
piece of cardboard and pouring water in 
at 7) in each east 1 until the cardboard 
is forced off. 

2 . Soundings at sea are made by low¬ 
ering some kind of a pressure gauge. 
When this gauge reads l.d kg. per square 
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7 . A whale when struck with a harpoon will 
down as much as 400 fathoms (2400 ft.). If the bo 
has an average circumference of 15 ft., what is the tc 
force to which it is subjected? 

8 . A hole 5 cm. square is made in a ship’s bott 
7 m. below the water line. What force in kilogram 
required to hold a board above the hole ? 

9 . Thirty years ago standpipes were genera 
straight cylinders. To-day they are more commo 
of the form shown in Fig. 9. What are the advanta 
of each form ? 


Pascal’s Law 

22. Transmission of pressure by liqui 

From the fact that pressure within a f 
liquid depends simply upon the depth a 
density of the liquid, it is possible to dedi 
a very surprising conclusion, which was fi 
stated by the famous French scientist, m: 
philosopher, Pascal (1623-1662). 

Let us imagine a vessel of the shape shov 
to be filled with water up to the level ab. 
the upper portion be assumed to p 

be 1 square centimeter in cross 
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against it is h 4-1 grams; that is, app 
the square centimeter of surface ah Ii 
force exerted by the liquid against, ea 
the interior of the vessel. Obviously 
ence whether the pressure which w;e 
ah was due. to a weight ol water or 
load, as in Fig. 10, ( U J), or to any otli 
thus arrive at Pascal’s conclusion (h; 
where to a hod if of con fined Htpiiti is t 
to ever if portion of the surface <f the co, 
23. Multiplication of force by the i 
by liquids. Pascal himself pointed o 
the principle stated above we ought, 
a very small force, into one ot un¬ 
limited magnitude. Thus, if the 
area of the cylinder ah ( Fig. If) is 
1 sq. cm., while that of the cylinder 
AB is 1000 sq. cm., a force of 1 kg. 
applied to ah would be transmit ted 
by the liquid so as to act. with a 
force of 1 kg. on each square cent ini 
Hence the total upward force exertei 


PASCAL’S LAW 

Such a press is represented in section in Fig. 12. As 
is raised, water from the cistern. C enters the piston cha 
valve v. As soon as the down stroke begins, the valve 
v' opens, and the pressure applied on the piston p is tra 



























18 


PRESSURE IN h 


through whiedi the piston AI> is pus 
but y~~- ( y of the distillu*.e through w 
down. For, forcing ab down a distan* 
but 1 eubio centimeter of wateT <n 
der, and this additional cubic. ecntii 
of the water there 4 . 


but—^-iientinud-er. 
We sea 4 ,, therefore, 
that the product of 
the force acting by 
the distance moved 
is precisely the same 
at both ends of the 
machine. This im¬ 
portant conclusion 
will be 4 , found in 
out futures study 
to apply to all ma¬ 
chine's. 

26. The hydraulic 
elevator. Another very 
common application of 













PASCAL’S LAW 


elevator then ascends. When re is pulled down, r ti 
the water in f 1 to escape into the sewer. The eleva 

Whore speed is required t.he motion of the. eylind 
indirectly to t he oatp* hy a system of pulleys like, th: 
With this arrangement a foot of upward motion 
causes the counterpoise /> of t.he ea.^e t.o descend 1 
from the figure that when the eylind(*r ip>os up 1 fo< 
he pulled over the fixed pulley p to lengthen each < 
and h l foot. Similarly, wlum the counterpoise dose 
ascends 1 feet.. lienee theea&'e moves four times aj- 
as far as the evlinder. The elevators in the. ICifTol 
of tdiis sort- They have a total travel of 420 foot 
lifting oO people 400 feet per minute. 

27. City water supply. Kipp 1 f> illustrate 
which a, city is often supplied with water fron 
The aqueduct from the lake a passes under 
h, a hill //, and into a reservoir e, from whit 
the pump p into the standpipe 1\ whence it 
the houses of the city. If a static, condition 
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28. Artesian wells. It, is in the prinr 
by liquids that; artesian wells find their « 
section of what, ideologists call an arte 
composed of some porous material sue! 
stone, or broken rock, through which i 
Above and below it an* strata <* and . 
material impervious to water. The pot 
which finds entrance at, tin* outcropping 
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is made through the layer (1 tin* water gu 
mission of pressure. from the higher lev 
near Leipzig, Germany, which is .">7dh f 
have, been lxired in the desert, of Sahara 
found at a depth of 200 feet. (Irent ut 
the United Stales, not,able ones being* 
(Kentucky), and Charleston (South Car 
which the wells are found are often a hi 


QUESTIONS AND V) 

1. How does your city get its waiter 
pipes maintained? 


THE PRINCIPLE OF ARC 


6. Fig. 17 represents an instrument comm 
static bellows. If the base C is 120 in. square ; 
water to a depth of 5 ft. above the top of C, v 
value of the weight which the bellows can su 

7. A hydraulic press having a piston 1 in. i 
exerts a force of 10,000 lb. when 10 lb. are. app 
piston. What is the diameter of the large pisi 


The Puinhipek OF Ak<01IME1>] 

29. Loss of weight of a body in a liqi 
precoding experiments have shown tin 
ward force acts against the bottom of 
immersed in a liquid. If the body is a b 
piece of wood, or any body which ih 
clear that, since it is in equilibrium, thi 
force must be equal to the weight of i 
Even if the body does not float, everyd 
vation shows that it still loses a portioi 
for it is well known that it is easier 
water than in air; or, again, that a n 
support his whole weight by pressin 
bottom with his lingers. It was indee< 
which iirst led the old (Jreek philosop 
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body immersed in a liquid must lose 
of the displaced liquid . He is said 
his feet and rushed through the g 
" Eureka, eureka! ” (I have found 
30. Theoretical proof of Archimec 
that Archimedes, with that faculty 
men of great genius, saw the trut 
conclusion without going through 
ical process of proof. Such a proi 
ever, can easily be given. Thus, s 
upward force on the bottom of tl 
abed (Fig. 18) is equal to the weigl 
column of liquid obce , and since th 
ward force on the top of this block 
to the weight of the column of liqi 
it is clear that the upward force r 
ceed the downward force by the w 
the column of liquid abed ; that is, 
the liquid is exactly equal to the we\ 
The reasoning is exactly the s 
matter what may be the nature 
liquid in which the body is immei 
how far thp hndv -mav bp. hpnp.ath 
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to rise until the upward force on its bottc 
own weight. Hut this upward force is alv 
weight of the displaced liquid, that is, to i 
column of liquid when. (Fig. 19). 

lienee a floating bod// must displace its ^ 
liquid, in which if floats . This statement is 
original statement of Archimedes’ principle, 
floats has lost its whole weight. 

31. Density of a heavy solid. The don sit 
definition, its mass divided by its volume, 
sidle to obtain the mass of a,.body by weh 
not, in general, possible to obtain the volutin 
of an irregular body from measurements o 
its dimensions. Archimedes’ principle, how 
over, furnishes an accurate and easy metho< 
for obtaining the volume of any solid, how 
ever irregular, for by the preceding paragrapl 
this volume is numerical!// equal to the los 
of weight in water. Hence the equatioi 
which defines density, namely, 


I )ensity = 


Mass 


\t Mill 
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is the weight on the right pan w 
are under water. Then w 1 ~w 2 is ob 
of the water on the body 
alone, and is therefore equal <5 
to the weight of the dis- ^ 
placed water, which is numer¬ 
ically equal to the volume 
of the body. sf 

33. Density of liquids by 
the hydrometer method. The 
commercial hydrometer such |[ 
as is now in common use for 5 : 
testing the density of alco- |fj 
hoi, milk, acids, sugar solu- 
tions, etc. is of the form 
shown in Fig. 22. The stem 
is calibrated by trial so that the dei 
read upon it directly. The princip] 
ing body sinks until it displaces its < 
By making the stem very slendei 
tiveness of the instrument may be 
great. Why ? 
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the weight of an equal volume of water. B] 
us at. once the specific, gravity of the liquid, w 
as its density in the O.G.S. system. There 
density oj a In/tud, divide the loss of ireiyht 
d b/f the loss oj ivelyht <f the same body in 

QUESTIONS AND PROBLEMS 

1. Wluit. fraction of tin* volume of a block of w< 
water if its density is .5 V if its density is .(IV if its d 
in general what fraction of the* volume of a floating 1> 

2. If an iceberg rises 100 ft., above water, how 
below waterV (Assume the density of the iCe. to 
water.) 

3. If a barge 30 ft. by 15 ft. sank 4 in. when an < 
aboard, what was the elephant's weight.V 

4. din' hull of a modern battleship is made, alnu 
its walls being of steel plates from (> to IS in. thie 
can float. 

5. Will the water line of a boat rise or fall as i 
into salt, wafer V 

*" 67 If a 150-lb. man can just, float, what, is his v< 

7. A hollow steel body weighing 1 kg. just i 
volume V 

8. What, is the volume of a whale which weighs- 

9. If each boat, of a pontoon bridge, is 100 ft. h 
at, the water line, how much will it, sink when a lo 


CHAPTER 

PRESSURE II 

Barometric Ph 

35. The weight of air. To o] 
scarcely perceptible. It appears to 
no resistance to bodies passing thi 
balanced as in Fig. 23, then remove 
pressure by a few strokes of a bicy 
when placed on the balance again, 
to be heavier than it was before. 
On the other hand, if the bulb be 
connected with an air pump and 
exhausted, it will be found to have 
lost weight. Evidently, then, air 
can be put into and taken out of a 
vessel, weighed, and handled, just 

lilrp ft, linrnH nr a. snhYL 
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r is 

*tVr! 


i be 

l«liT 
t Uf 1, 


\ 


36. Proof that air exerts pressure. S 
it is to be inferred that air, like a liquid 
any surface immersed in it. The fo 
prove this. 

Let a rubber membrane be stretched over a g 
As the air is exhausted from beneath the men 
observed to bo more and more depressed until 
it will finally burst under the pressure of the 
air above. 

Again, lot a tin can be partly filled with 
water and tin* water boiled. The air will bo 
expelled by the escaping steam. While, the 
boiling is still going on, hit the. can be. tightly 
corked, then placed in a sink or tray and cold 
water poured over it. The steam will be con¬ 
densed and the weight of the air outside will 
crush the can. 

37. Cause of the rise of liquids in ex] 
lower end of a long t.nbe be dipped in 
exhausted from the upper end, water will 
prove the truth of this statement every tr 
through a straw. The old ({reeks and Ih 
phenomena by saying that " nature abl 

ji • ... i ... . i : ... _. j :n •..... . * r < 
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stopper A in the bell jar. As soon as the pump : 
in the tube will, in fact, be seen to fall. As the 
it will fall nearer and nearer to the level in the 
not usually reach it for the reason that an ordi 
not capable of producing as good a vacuum as tli 
top of tin*, tube. As the air is allowed to retu 
mercury will rise in the tube to its former level. 


40. Amount of the atmospheric pressui 

pcriment shows exactly how great the at 
is, since this pressure is able to balance a 
of definite length. In accordance with 
Pascal's law the downward pressure ex¬ 
erted by the atmosphere on the surface 
of the mercury in the dish (Fig. 27) is 
transmitted as an exactly equal upward 
pressure on the layer of mercury inside 
the tube at the same level as the mercury 
outside. .But the downward pressure at 
this point within the tube is equal to M, 
where d is the. density of mercury and h 
is the depth below the surface A Since 
tin*, average height of this column at sea 
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ascending toward the surface, at 
to diminish on passing from sea 1 
mountain existed near Paris, lu 
to the top of a high tower and 
slight fall in the height, of the eo 
He then wrote to his brother-in- 
lived near Puy de Point 1 , a mom 
of Franca 1 , and asked him to tr 
on a large 1 !' sea.lt 1 . Perrier wrote 
" ravished with admirat ion ant 
when he found that, on ascend 
the mercury sank about. S eentim 
This was in PUS, live years 
disc* every. 

At the 1 , present day geological 
ascertain differences in altitude 
change in the barometric pressm 
or descend. A fall of 1 millim 
metric height, corresponds to an 
12 meters. 

42. The barometer. The 1 me 
( Fig. 28) is essentially not hint 
than Torricelli's tube 1 . Taking a 
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Hence the. barometer, although not an in 
prophet, is nevertheless of considerable ast 
casting weather conditions some hours ahei 
comparing at a central station the telegraphic 
reports of barometer readings made every few 
hours at. stations all oven* the country, it is 
possible to determine in what direction the 
atmospheric eddies which cause barometer 
changes and stormy conditions are traveling, 
and hence to " forecast” the weather even a 
day or two in advance. 

43. The first barometers. Torricelli actually con¬ 
structed a barometer not essentially different from 
that shown in Fig. 2S, and used it for observing 
changes in the atmospheric pressure.; but perhaps 
the most interesting of the. early barometers was that 
set up about 1050 by the. famous old German physi¬ 
cist Otto von Guericke, of Magdeburg (lOOtbTOSO). 
rounder a water column tin* top of which passed thro 
house. A wooden image, which I loaded on tin 1 uppers 
appeared above the housetop in fair weather but rei 
font a circumstance w lilch led his neighbors 
toeharge him with being in league with Satan. * 
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which bends slightly under the intluei 
pressure. This motion of tin* top of Ui 
system of levers and communicated t< 
dial whose readings are made to eorresj 
barometer. These instruments are m 
change in pressure when they are mo 
to the iloor. 

QUESTIONS AND 

1. What, is your explanation of \vh 

2. Find the weight, of tin* air coni; 

3. I f a barometer were sunk in watei 
stood l m. below the surface of the w a 
tin* barometer, the barometric height. ; 

4. If a circular piece of wet leathei 
middle, is pressed down on a Hat. sunn 
may often be lifted by pulling on the 
up? Explain. 
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the book which describes his experiments is a pi< 
4- teams of horses on each side of the hemisphe 
them. The. experiment was actually performed \ 
(ionium emperor Ferdinand III. If the air was 
interior of the hemispheres, what force in pounds 1 
pull them apart V (Find the atmospheric force, on a 

( h )I\I PIMOSSIBILITY AND KXDANSIBIl 

46. Incompressibility of liquids. 'Flius 
very striking resemblances between the eoi 
at the bottom of a body of liquid and fhos< 
bottom of the great oeean of air in wliieli 
eome to a most important difi'erenee. It 
if 2 liters of water be poured into a tall 03 
water will stand exactly twice as high as i 
but 1 liter; or if 10 liters be poured in, t 
10 times as high as if there be but 1 lite 
the lowest liter in the vessel is not mea 
by the weight of the water above it. 

It has been found by carefully devise 
compressing weights enormously greater 
used without producing a marked effecl 
cubic centimeter of wafer is subjected, to t 

_ /* ‘> n/v/\ .. . — k ... -...a... 
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to spring* bark to a larger vi 
is relieved, is proved every t 
bounds, or llu* cork is driven 

Hut it is not. only air which 
matin cushion by sonic sort c 
this state of readiness to exp 
diminished ; the ordinary air ■ 
same way if the pressure to w 

Thus, let. a liter beaker with ; 
over the t»>J> 1h* placed under the 
its the pump is set. into operation 
the inside air will expand with 
suHieient. tons' to hurst, tin* ruh 
her or ‘•really to distend it, as 
shown in Fig do. 

Agiin, lei, two bottles he ar¬ 
ranged as in Fig dii, out* brins^ 
st.oppered air-t ijn’ht, while the 
other is uncorked. As soon as 
the two an* planed under the 
receiver of an air pump and the ai 
over into />. When the air is read 
liow hack. Kxplain. 


48. Why hollow bodies are i 
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49. Boyle’s law. The first man to inves 
relation between the change in the pressure < 
fined body of air and its change in volume a 
R obert Roylo (1 We shall repea 

a modified form of his experiment much mor 
carefully in the laboratory; but the follow 
ing will illustrate the method by which h 
discovered one of the most important law 
of physics. 

Lot. mercury lx* poured into ;l hunt glass tube unt 
it stands at tlu» same level in tin*, dosed arm AC <1 
in tin* open arm til) (Fig. i>7). There is now cm 
fined in AC a certain volume 4 of air under the pro 
sure of one atmosphere. Call this pressure P v L< 
the length /I ( 1 be measured and called V v Then h 
mercury lx* poured into the long arm until the lev< 
in this arm is as many centimeters above the level i 
tint short arm as there arc*, centimeters in the baron 
o.ter height. The confined air is now under a presstu 
of two atmospheres, ('all if Let the new vol 
measured. If will he* found to bo just, half its foi 

lienee we learn that doubling the pressur 
body of aii* halves its volume 1 .. If we. had trij 

A ..11 1 1* _ K j 1 ... 1.1.,.1 


the mass remains unchanged. 
t'j'aix /;s* dirrotlj/ proportional to i 

*\ ■ 

50. Extent and character of t 
the farts of compressibility ane 
know that the air, unlike the st 
dense, as we aseend from the 1 
at tlu? top of Mont Blanc, whei 
d<S centimeters, or one half of i 
sity also must, by Boyle's la.\v, I 
sea level. 

No one has ever ascended hi 
approximately the. height attain 
English aeronauts, (Easier and 1 
barometric height is but. about 
about - - 00° K. Until aeronaut: 
and Mr. (Easier became unco 
succeeded in grasping with his < 
valve and caused the balloon to 
H)01, the French aeronaut M. 1 
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Observatory, Mount Weather, Virginia. r J 
arc calculated from the indications oi 
barometers. 

At a height of 85 miles the density 
estimated to be but —of its value at 
lating how far below the horizon the sr 

HvitjMs 
in miles 
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51. Height of the " homogeneous atmosphere.” Although, 

then, we cannot tell to what height the atmosphere extends, 
we do know with certainty that the weight of a column of air 
1 square centimeter in cross section and reaching from the 
earth’s surface to the extreme limits of the atmosphere will 
just balance a column of mercury 76 centimeters high, for 
this was shown by Torricelli’s experiment. Since 1 cubic cen¬ 
timeter of air at the earth’s surface weighs about 1.2 milli¬ 
grams, that is, since the density of ah* is about .0012, or-—- 
that of water, and since mercury is about 13.6 times as 
heavy as water, it follows that if the air had the same density 
at all altitudes which it has at the earth’s surface, its height 
would be 76 xl3.6 X 800 centimeters, that is, 8.2 kilometers, 
or about 5 miles. The tops of the Himalayas would there¬ 
fore rise above it. This height of 5 miles, which is the height 
to which the air would extend if it, like the ocean, had the 
same density throughout, is called the height of the homogeneous 
atmosphere. 

52. Density of air below sea level. The same cause which 
makes air diminish rapidly in density as we ascend above sea 
level must produce a rapid increase in its density as we descend 
below this level. It has been calculated that if a boring could 
be made in the earth 35 miles deep, the ' air at the bottom 
would be one thousand times as dense as at the earth’s surface. 
Therefore wood and even water would float in it. 

QUESTIONS AND PROBLEMS 

1. Why is the reading of a barometer incorrect if the barometer 
tube is not strictly vertical ? 

2. Under ordinary conditions a gram of air occupies about 800 cc. 
Find what volume a gram will occupy at the top of Mont Blanc (alti¬ 
tude 15,810 ft.), where the barometer indicates that the pressure is only 
about one half what it is at sea level. 

3. The mean density of the air at sea level is about .0012. What 
is its density at the top of Mont Blanc ? What fractional part of the 
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earth’s atmosphere has one left beneath him when he ascends to the 
top of this mountain ? 

4. If Glasier and Coxwell rose in their balloon until the barometric 
height was only 18 cm., how many inhalations were they obliged to 
make in order to obtain the same amount of air which they 
could obtain at the surface in one inhalation? 

5. With the aid of the experiment in which the rubber dam 
was burst under the exhausted receiver of an air pump, explain 
why high mountain climbing often causes pain and bleeding in 
the ears and nose. Why does deep diving produce similar effects ? 

6. Blow as hard as possible into the tube of the bottle 
shown in Fig. 39. Then withdraw the mouth and explain all 
of the effects observed. 

7. If a bottle or cylinder is filled with water and inverted in a dish 
of water, with its mouth beneath the surface (see Fig. 40), the water 
will not run out. Why ? 

8. If a bent rubber tube is inserted beneath the cylinder and air 
blown in at o (Fig. 40), it will rise to the top and displace the water. 
This is the method regularly used in collecting gases. Explain what 
forces the gas up into it, and what causes the water to 
descend in the tube as the gas rises. 

9. Why must the bung be removed from a cider 
barrel in order to secure a proper flow from the faucet? 

10. When a bottle full of water is inverted, the water 
will gurgle out instead of issuing in a steady stream. 

Why? 

11. There is a pressure of 80 cm. of mercury on 1000 cc. 
of gas. What pressure must be applied to reduce the 
volume to GOO cc. if the temperature is kept constant? 

12. What sort of a change in volume do the bubbles of air which 
escape from a diver’s suit experience as they ascend to the surface ? 

Pneumatic Appliances 

53. The siphon. Let a rubber or glass tube be filled with water and 
then placed in the position shown in Fig. 41. Water will be found to 
flow through the tube from vessel A into vessel B. If, then, B be raised 
until the water in it is at a higher level than that in A, the direction 
of flow will be reversed. This instrument, which is called the siphon , is 
very useful for removing liquids from vessels which cannot be over¬ 
turned, or for drawing off the upper layers of a liquid without disturbing 
the lower layers. 



Fig. 40 



Fig. 39 
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The explanation of the siphon's action is readily seen 
Fig. 41. Since the tube acb is lull ol water, water inns! 
dently flow through it if the have which pushes it one 
is greater than that which pushes if lhe other way Now 
upward pressure at a is equal to at inns- f/ 
pherio pressure minus the downward pres- 
sure due to the waiter column ad; while j/ 
the upward pressure at b is the atmospheric 
pressure minus the downward pressure due || 4 jt ‘ |j j 

to the water column bo. Hence (he. pressure j jj | t 
at a exceeds the pressure at b by the [ires- |l !j |[ 
sure due to the waiter column J'b. The t ,. t( 41 ^ !u . 

siphon will evidently cease to act wdien the 
water is at the same level in the two vessels, since then //< 
and the forces acting at the two ends of the tube are then 
equal and opposite. It will also cease to act. when the he 
is more than 84 feet above the, surface of 
the water in A, since', then a vacuum will 
form at the fop, atmospheric, pressure being • ' 

unable to raise wafer to a height greater t y 

than this in either tube. jju.j 

Would a siphon Ihwv in a vacuum? jj), 

54. The intermittent siphon. Fig;. 1 li n-piv f ' 11,1,1111 

seats an intenuiUeati siphon. If the vessel is ‘ ’1’ 1,1,1 

at first empty, to what level must it he lilted hefuiv the water 
flow out ato? To what level will the water then fall hefurr the 
will cease? 


55. The air pump. The air pump was invented in hUdi by 
Otto von Guericke, mayor ol Magdeburg, (leruuuiv, who de¬ 
serves the greater credit, since, he was apparently w holly with¬ 
out knowledge of the. discoveries which (luliien, Tnmerlli, 
and Pascal had made a few years earlier regarding the ehar- 
actci of the earth s atmosphere. A simple, form of stteh a 
pump is shown in Fig. 48. When the piston is raised the air 
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from tlif. receiver It expands into (lie cylinder /> (1 ir<(lie 
valve, When (lie piston descends i(, compresses (his air, 
and (1ms closes (he valve A and opens (lie exhaust, valve ('. 
Thus \vi(.h each double stroke a. certain Fraction of (he air 
in the receiver is transferred from A* 
through the cylinder to the outside. 

In many pumps the valve (' is in 
the piston itself. 

56. Thu compression pump. A com¬ 
pression pump is iiolhinp' hut an ex¬ 
haust. pump with the valves reversed, 
so that. J closes and C opens on the j 
upstroke, and A opens and C (doses 
on the dowustroke. In its cheaper forms, for example, (lie 
common bicycle pump, the valve C is often replaced by a very 
simple device called a. cup \alve. 'This \alvc consists of a 
disk of leather a little larger than the barrel of the pump, 
attached to a loosely Hi tin;;’ metal piston. When the piston 
is raised the air passes in around the leather, hut. when it. is 
lowered the leather is crowded eloselv aipiim.1 
ihi! walls, so that, there is no escape for the 
air { Ki* 11). 

('onipresseil air line Is so many applications 
in such machines as air drills {used in min 
in*.*’), air brakes, air motors, etc., that, the 
compression pump must, he looked upon as of 
much greater import mice industrially than the exhaust pump. 

57. The lift pump. The common water pump, shown in 
Kitf. -In, has been in use at. least, since the time of Aristotle 
(fourth eeiilmy u.t*. ). It will he seen from the Centre that it 
is nothing more nor less than a. simplified form of air pump. 
In ftiet, in the earlier strokes we tire simply exhausting air 
from the pipe helow the valve A. Whiter could m-ver he 
obtained at A', even with a perfect- pump, if the valve A were 


r '■ 

It. The rttji 
















42 


PRESSUEE IN' AIK 


not within 34 feet of the surface ot tin* wale 
On account of mechanical imperfections litis 
about 28 feet instead of 34. Eel. ihe student 
analyze, stroke by stroke, (he opera! ion ol 
pumping water from a well with ihe pump 
of Fig. 45. Why will pouring in a little 
water at the top, that is, "priming, ollen 
assist greatly in starting such a pump? 

58. The force pump. Fig. 40 illustrates 
the construction of tlu; force pump, a. device 
_ commonly used when 

it. is desired to deliver 

§ f1 wider id- a point, higher 

ps* than the. position at 

4 which it is convenient 

| (I to place the pump itself. 

ju \\ analyze the action of lli 

flFl \v. study of the diagram. 

If will be seen that l lit 

1 . i[- • • - J such an arriingement as 

^ ^ j _ Fig. -lli must, lie interm 

wafer ran flow up the pi 
.Fki. 4(1. The J’urc.opump ^ ;V * ulien the piston 
is ascending. In order 
make the flow continue during the upstroke, ; 
air chamber, such as that, shown in Fig'. 17, 
always inserted between the valve u ( Fig. K 
and the discharge point,. As tin* water is fore, 


violently into this chamber by the downward K... i; *1 in- 
motion ol the piston it. eouipressos the routined • IU .a a 
air. It is, then, the reaction of (his compressed l " 1 '' 
air which is immediately responsible for the How in ihe div 
charge tube, and as this read,ion is mnl union.-, the tlow is 
also continuous. 
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Fin;. -IS represents one of tin* iimsl familiar types of force 
pump, (Ik* donl)Ii‘-acl iulV .steam tire engine. Let. the slmleut. 
analy’/.e the action of thi*. [mni[i from a study of the diagram. 



59. The Cartesian diver. Descartes ( I nlXi 1 lifii)), i he pTeat, 
French phi lost >phe r, invented an odd deviee wliieh illust rates at 
the same time tin 1 principle of (he transmission of pressure hv 
liquids, the principle of A reliiinedes, and 
the compressibility of p'ases. A hollow 
;{lass imaov in human shape [ Fiiyl'.), ( I i J 
has an opening in the lower end. It is 
partly tilled with water and partly with 
air, so (hat. it will just, tloaf. I>y pre.-s 
inq on the ruhhet* diaphragm at the top 
of lIn* vessel it may he made to sink or 
rise at. will. Explain, If the di\er is not- im., la, Tin- i'.on-.i,ui 
available, a small bottle or test tube [see 

Fijjy 1U, {li) | may he used instead. It works equally well, and 
brings out, the principle even belter. The modern submarine is 
essentially nothing; hut a lmqe Cartesian diver. 'The volume of 
the air in its chambers is ehamred hv fore inn- wain- in <>r t.ni 
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60. The balloon. A reference. to the prom <■( 
(§ 30, p. 22) will show that; it must apply as well 
Iiencc any body immersed in air is buoyed nj> « / 
a force which is equal to the weiy/it of the disjdae- a 
air. The body will therefore rise it its own 
weight is less than the- weight of the air whi'-h 
it displaces. 

A balloon is a large silk hag (Kig. ntJ) v;u 
liished so as to be air-tight., and Idled either 
with hydrogen or with eoiuuion illuminating pa 
The former gas weighs ahnul, .1)1) Kilogram per 
cubic meter and common illuminating gas weigh • 
about .75 kilogram per cubic meter. It will !»• re 
memberod that ordinary air weighs about 1.2<> 
kilograms per cubic, meter. If will he seen, tin r« 
fore, that the. lifting power of hwlrogeu per cubic 
meter, namely, 1.20 — .()',) l.tl, is more titan 
twice the. lifting power of illuminating "a-, 
1.20 - .75 = .45. Nevertheless, nit account ,,f the 
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comparativi! chetipness of the latter gas it ■> u •• it.> 1 • A 

is very much more common. 

Ordinarily a halloon is not.mpleleh tilled at tie- tog t-t it 

it were, since the out.sido pressure is enutimulh dtt.-tt: ■. A- ,>. -.t 

ascends, the pressure. of the inside gas would . ^ 

subject the lmg to enormous strain, and 
would surely hurst it before if reached au\ 

considerable altitude. Hut, if if is hut. par AA . ; ■ , 1 

tially inflated ill; tint st.arl., if ean increase in 
voluiiH 1 . as it ascends by simply iullating to 
a greater extent. Thus a. balloon which a. 
o.ehds until the, pressure is lud. 7 eeiilimHei 
of mercury should be only about one fourth 
inflated when it is at, the surface of Ilu- 
earth. 

The parachute semi hanging from Hie side 
of the balloon in Fig. 50 is a huge umbrella 
like .affair with which the itemmiut, may dr 
scend in safety to the. earth. After opening. a*< j.,,, ;,j , f , , ,, , (< 

in Fig. 51, it descends very slowly on account. 

of the enormous surface, exposed to the air. Tlo- h<4<- m »J»„- t pgn 
air to escape slowly and thus keeps (he puvaehnte npnj.t 
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62. The diving suit. For most purposes, except those of heavy engi¬ 
neering, the diving suit has now replaced the diving bell. This suit is 
made of rubber with a metal helmet. The 'diver 
is sometimes connected with the surface by a tube 
(Fig. 54) through which air is forced down to 
him. It passes out into the water through the 
valve v in his suit. But more commonly the diver 
is entirely independent of the surface, carrying 
air under a pressure of about 40 atmospheres 
in a tank on his back. This air is allowed to 
escape gradually through the suit and out into 
the water through the valve v as fast as the. diver 
needs it. When he wishes to rise to tin*, surface', 
he simply admits enough air to his suit to make, 
him float. 

In all cases the diver is subjected to the pres¬ 
sure existing at the depth at which the suit or 
bell communicates with the outside water. Div¬ 
ers seldom work at depths greater than GO feet, 
and 80 feet is usually considered the limit of 
safety. But in building the bridge over the Mis¬ 
sissippi at St. Louis, Missouri, the bells with thei 
to a depth of 110 feet, while a case is on record 
investigating a wreck off the coast 
of South America, sank to a depth 
of 201 feet. 

The diver experiences pain hi 
the ears and above the eyes when 
he is ascending or descending, but 
not when at rest. This is because 
it requires some time for the air to 
penetrate into the interior cavities 
of the body and establish equal pres¬ 
sure in both directions. 

63. The air brake. Fig. 55 is a 
diagram which shows the essential 
features of the Westinghouse air 
brake. P is an air pipe leading to the 



54. Tim diving 
sii it; 


diver 


!’(! sunk 
who, in 



The Westinghouse. i 
brake 


engine, where a compression pump maintains air in the main cylinder 
under a pressure of about 70 pounds to the square inch. 11 is an auxiliary 
reservoir which is placed under each car, and which connootn witli P 
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t-hnmph tin 1 triple valve j . So butt;' as Urn pressure from the enyitm is 
on in /', tin- valve 1 ' b. open in sm-li a nay that, I,here is direct, com- 
iiiuni.'alion between /' am! II. llul, as soon as l.lm pressure in /’ is 
ilimini )md, either bv tin- i-nyim-er or 1 1y Mn- accidental break ini ’ 1 of I,lm 
ho..r <• 1111j> 1 i11", /•, whirh connects /* from car lo car, the compressed 
air in /.' operates (lie \al\c in I' so as to shut, off connection between 
A’ ami /’ amt to open connection hetween /,’ am! the cylinder ('. The 
pi-,t.m II i. thus dri\en powerfully to the left, ami sets flic brake shoes 
ac.aiu .1 the wheel-. Ilmmph the operation of levers attached to //. When 
it- isde.ired to take oil the brakes, pressure is ayain turned on in /’. 
1 hi ; opiialion opens J in smdt a was as to permit, the compressed 
air in <' to <• -cape, and t lm sprim;' .s' then pulls back the brake shoes 

f 1 fill t lm \\ heel ,, 


04. The bellows. Kip’, mi shows tin* const rnel ion of the. 
onliunrv ldm-Usuiilh s bellows. When the handle it risi>s and 
the point A in consequence 
falls, t he \ alve r opens 'and 
air from the outside enters 
the lower compartment. f' ( . 

When it is pulled dow n and 
A thus made to ascend, r at 
nun* closes, and as soon as 
the pressure w ithiti (has 
risen to the same value as 
that maintained in t ' a 1»\ 11 m* 
weights If, the valve e'opens and air passes from (' x to f'„. 
With this atTanpenieitt it will he seen that. the current, of air 
which issues from (I hronpli the no/./de is emit iuuotts nil her 
tlrntt iuteriuitteiit, as it would he if there wen* hut. one com¬ 
partment and one \ alv e. 

(15. The meter, Tim ytc. nmter is a device which dill'ers little in 
pi meiple from t lm black unit h‘‘« bellow n, (ins from I lie city supph * • 11 1 <■ r:i 
tlm iiu-tci tInoie.;h /' { Key. .’>7 j mid pa*.*.e‘. thn.im.h the npcuiuy'i <> mid 

«» t into ... 1 11 on t > /•' and />', of the meter, lien- its pres,,lire Inrecs 

in tlm duipbrai’m i </ and 'l‘hc ya:. already cmtaiiied in .1 and .1, is 
therefore piedmd out to the burners thrmiyh Urn opemnys »»' and .y and 
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PRESSURE IN AIR 


U 


W' 


/I 


t «■- v 


the pipe P v As soon as tho diaphragm rf lias moved us far as it r 
the right, a lever which is worked, by the, movement of // causes the. 
valve u to move to the left, thus closing' o ami 
shutting off connection between P and /<’, but 
at the same time opening o' and allowing the 
gas from P to enter compartment J through o'. 

A quarter of a cycle later ?q moves to the rigid, 
and connects with /’ and I\ with P v If 
u and ?q were, set so as to work exactly to¬ 
gether, there would be slight ilnetuatious in the 
gas pressure at /\. Tho movement of tin' dia¬ 
phragms is recorded by a clockwork device, the 
dials of which indie,ate. the number of cubic feet 
of gas which have passed through the meter. Km. f>7. The gas ; 




QUESTIONS AND PROBLEMS 


1. Ifow many of the laws of liquids and gases do you find illttsf 
in the. experiment of the ('artesian diver? 

2. Let a siphon of the, form shown in Fig. f*N be made by fi!l : 
flask one third full of water, closing it with a cork through which 
two pieces of glass tubing, as in the figure, and I,ben inverting so 
the lower end of the straight tube is in a dish of water. If the held 
is of considerable length, the fountain will play forcibly 

and continuously until the dish is emptied. Fxplain, 

3. Pneumatic dispatch tubes are now used .in many 
large stores for the transmission of small packages. An 
exhaust pump is attached to mm eml of the tube in whieh 
a tightly fitting carriage moves, and a compression pump 
to tho other. If the air is half exhausted on mm side of 
tho carriage, and has twice its normal density on the other, j 
find the propelling force acting on the carriage wlnm the 
area of its cross section is HO sq. cm. 

4. Pascal proved by an experiment that a siphon would Kin. 
not run if the bend in the arm were more than 34 ft. above 

the upper water level. lie made it run, however, by inclining if sbh 
until the. bond was less than 31 ft. above this level. Kx plain. 

5. If tlm cylinder of an air pump is of the same size as the reri 
what, fractional part, of the air is removed by one complete stroke ? 1 
fractional part is left after 3 strokes? after 10? 

6. If the, cylinder of an air pump is one third the Mize of the ree< 
what fractional part of tho original air will bu left after 5 stre 
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What will a barometer within the receiver read, the outside pressure 
being 7(5 ? 

7. Theoretically, can a vessel ever he completely exhausted by an 
air pump, even if mechanically perfect? 

8. Why, in pumping’ water, is more and more force required at each 
succeeding stroke until the water begins to flow? 

9. If the air in the air dome of a fire engine is reduced to one. tenth 
of its normal volume, under what pressure is the water at the mouth of 
the nozzle ? 

10. What is the lifting power of a balloon which is filled with 
hydrogen and has a volume of 1000 cu. m.? (Take the weight of air as 
1.2 g. per liter and that of hydrogen as one fourteenth that of air.) 

11. Pressure tests for boilers or steel tanks of any kind are always 
made by filling them with water rather than with air. Why? 

12. If the cylinder C (Fig. ho) has a diameter of 8 in., what is the 
force applied to the brakes at II ? (Take the pressure in. C as 701b. 
per sq. in.) 

13. When will a balloon cease to rise? 

14. If a diving hell (Fig. 52) is sunk until the level of the water 
within it is 103:5 cm. beneath the surface, to what fraction of its ini¬ 
tial volume has the inclosed air been reduced? (1033 g. per sq. cm. = 
1 atmosphere.) 

15. If a diver’s tank has a volume of 2 cu. ft. and contains air under 
a pressure of 40 atmospheres, to what volume will the air expand when 
it is released at a depth of 34 ft. under water? 

16. IC the water within a diving hell is at a depth of 1033 cm. beneath 
the surface, of a lake, what is the density of the air inside, if at the sur¬ 
face the, density of air is .0012 aud its pressure 70 cm.? What would 
be the reading of a barometer within the bell ? 











CHAPTER IY 


MOLECULAR MOTIONS 
Kinetic Tiihoi tv ok Gases 

66. Molecular constitution of matter. In order to account 
for some of the simplest facts in nature,—for example, the 
fact that two substances often apparently occupy the same 
space at the same time, as when two gases are crowded together 
in the same vessel, or when sugar is dissolved in water,—it 
is now universally assumed that all substances are composed 
of very minute particles called molecules. Spaces are supposed 
to exist between these molecules, so that when one gas enters 
a vessel which is already full of another gas, the molecules of 
the one scatter themselves about among the molecules of the 
other. Since molecules cannot be seen with the most powerful 
microscopes, it is evident that they must be very minute. The 
number of them contained in a cubic centimeter of air is 27 
billion billion (27 X 10 lH ). It would take as many as a thou¬ 
sand molecules laid side by side to make a speck long enough 
to be seen with the best microscopes. 

67. Evidence for molecular motions in gases. Certain very 
simple observations lead us to the conclusion that the mole¬ 
cules of gases, even in a still room, must be in continual and 
quite rapid motion. 'Pirns, if a little chlorine, or ammonia, 
or any gas of powerful odor is introduced into a room, in a 
very short time it will have become perceptible in all parts of 
the room. This shows clearly that enough of the molecules 
of the gas to effect the olfactory nerves must have found 
their way across the room. 
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Again, chemists toll us that if two globes, one containing 
hydrogen and the other carbon dioxide gas, be connected as in 
Fig. 50 and the stopcock between them opened, after a few 
hours chemical analysis will show that each 
of the globes contains the two gases in exactly 
the same proportions — a result which is at 
first sight, very surprising, since carbon diox¬ 
ide gas is about twenty-two times as heavy 
as hydrogen. .This mixing of gases in appar¬ 
ent, violation of the laws of weight is called 
lUjpuaion. 

We sec then that such simple facts as the 
transference of odors and the diffusion of 
gases furnish very convincing evidence that Eh;. 5U. Illusion,- 

tho molecules of a gas are not at rest, but in “ dilfU3io11 
, p ’of gases 

are continually moving about. 

68. Molecular motions and the indefinite expansibility of 
a gas. Perhaps the most striking property which we have 
found gases to possess is the property of indefinite or unlim¬ 
ited expansibility. The existence of this property was demon¬ 
strated by the fact that we were able to obtain a high degree 
of exhaust,ion by means of an air pump. No matter how much 
air was removed from the bell jar, the remainder at once 
expanded and tilled the entire vessel. In fact, it was only 
been,use of this property that the air pump was able to perform 
its functions at all. 

In order to explain these facts it used to be assumed that 
the molecules of gases exert mutual repulsion upon one 
another. This theory has now, however, been completely 
abandoned, for it has been conclusively shown, that no such 
repulsioius exist. Tim motions of the molecules.alone furnish 
a thoroughly satisfactory explanation of the phenomenon. As 
soon as the piston of the air pump is drawn, up, some of the 
molecules follow it because they were already moving in that 
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direction, and not on aoeounl ol any repulsion exerted i 
them by the molecules below. 1 he jiheiiomcnoii is pm- 
the same as ihat illustrated iu Kig. o'.*, w here the earhoii da 
molecules mo\cd uj) into the globe containin'' hydro 
only in the. latter case the o|>eraliou lout mtieh more 
bceausc the upward motion of the carbonic amd uadn 
was hindered by collisions with the hydro-om molecule.. 

Thu fact that, however rapidly the piston »d the air pun 
drawn up, gas always appears to loliou it instant Is, lead 
to (he. eomdusion that the natural velocity possessed hy 
molecules of gas must, lit 1 very considerable. 

69. Molecular motions and gas pressures. If the molce 
of oases do not repel one another, how are we to account 
the faet that gases exert, stteh pressures as they do against 
Walls of (he vessels wdiielt coiltaiu them? We have fo 
that in mi ordinary room the air presses against the w 
with a l’oree of In pounds to the square inch. Within 
automobile tire Ibis pressure may amount to as much a-, 
pounds, and the steam pressure within the boiler of an em. 
is often as high as 210 pounds per square inch, \ et m 
these eases we may be eerlain that the undet u!*-. uf (he 
are separated from each other hy distances ulmh ate larg 
e.omptirison with the diameters of the molecules; for when 
reduce steam to waiter, it shrinks to of its oiigmal 

mini, and when we reduce air to the liquid form, it shrink, 
about H(l of its ordinary volume. 

The explanation is at. ouee apparent when we retleei u 
the motions of the molerttles, Fur just as a stream of ui 
particles Irom a hose exerts a continuous force against a. \ 
on which if strikes, so the blows which the iuiuititerabh* m 
unles of a gas. strike against (lie wadis of tin* containing s n 
must eonsfitut.e a continuous furec tending to push out tl: 
walls. Indeed, when w’e give up (he wholly uuteuahle not 
of molecular repulsions, there is no other way in which 
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can account, for the fact; that vessels containing only gas — 
balloons, lor example — do not collapse under tlie enormous 
external pressures to which we know them to he subjected. 

70. Explanation of Boyle’s law. It will be remembered 
that if was discovered in the last chapter that when the den¬ 
sity of a. gas is doubled, the temperature remaining constant, 
the pressure is found to double also. When the density was 
trebled, the pressure was trebled, etc. 'This, in fact, was the 
assertion of Hoyle’s law. Now this is exactly what would be 
expected if the pressure which a gas exerts' against a given 
surface is duo to blows struck by an (mormons number of 
swiftly moving molecules; for doubling the number of mole¬ 
cules in the given space — that is, doubling the density — 
would simply double the number of blows struek per second, 
against that surface, and hence would double the pressure. 
While the kinetic theory of gases which is hero presented 
accounts in this simple way for Boyle’s law, the theory of 
molecular repulsions cannot he reconciled with it. 

71. Brownian movements and molecular motions. It has 
recently been found possible to demonstrate the existence of 
molecular motions in gases in a very direct and very striking 
way. If is found that very minute oil drops suspended in 
perfectly stagnant air, instead of being themselves at rest, arc 
ceaselessly dancing about just as though they were endowed 
with life. If has now been definitely proved (1913) that these 
motions, which are known as the Brownian movcmumlx, arc the 
direct result of the bombardment which the droplets receive 
from the. Hying molecules of the gas with which they are sur¬ 
rounded ; for at a given instant this bombardment is not fho 
same on all sides, and hence the suspended particle, if if is 
minute, enough, is pushed hither and thither as the resultant 
force, is first in one direction, then in another. Diminishing 
either the size of (he drops or the density of the surrounding 
gas increases the, violence of fho motions, the first because a 
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light, body is more easily nu > vi ■» l than a hra\ y one, tin* sit 
because n body oMi'(i set. in motion is luoiv quifK !y Moppet 
a douse, gas than by a. very rare one. At a pressure nl 
atmosphere, the. dancing motions ot small drop.-, is exreedu 
striking!,', There can bo no donhl, I lion, t hat what the oil di 
are hen*- seen to be. doing, the molecules themselves aio 
doing, only in a, much more li\el\ way. 

72. Molecular velocities. From the Known weight of a m 
centimeter of air under normal cornl it ions, and the Know n h 
which it, exerts per square centimeter, munch. In;’,:’, gm 
— it is possible to calculate the velocity which its nmloei 
must possess in order that-they may produce by their eollisi 
against the walls Ibis amount of force. Further, since a ci 
centimeter of hydrogen w hich is in condition to exert the s; 
pressure*, as a etihie. centimeter of air weigh; only one ft 
teen 111 as much as the air, it is o\ ideul that the hydro 
molecules must, be moving much more rapidly than the 
molecules, or else they could not exert the same pressi 
The, result of the calculation gives to the air molecules im 
normal conditions a velocity of about 1 !■> meter, per sect 
while it, assigns to the hydrogen molecules the euortu 
speed of 1700 meters (a mile) per second. The speed i 
cannon ball is seldom greater than S00 meter-, < doUti h 
per second. It, is easy to .see then, since the molecules 
censes are endowed with such speeds, w h\ air, for exanu 
expands instantly into the space left behind In, the ris 
pist.on of the air pump, and why any p.e, always tills e< 
pletcly the vessel which contains it. 

73. Diffusion of gases through porous walls. Strong < 
dmiee for the correctness of the above view, h, fund:.lied 
the following experiment: 

bet, a porous cup nf unglazed carllu'iiw,u<• 1,< d ndli ,i ml 

stopper through which a glass luhe p;e- ,>•,i. in ( i- r.o P, t t |„. ( 
be dipped into ii dish nf rnhuvd water, aud a j.u oan,u mu.' h\dr«» 



















t -*-ntimeter insult-, the hvdr- ,_vn 
- will strike the outside of tht- w.f. 
■ - ns frequently as the air moIe<-ul.-> 
. »* the inside. Hence, in a given 
ji ami ter tif hydrogen moleeult-s 





—, into the interim >r of the cup 1 

■ I.-- Unit- L*lies in tht- porous material will ]#■ f.,:;r 
..•: .-at ;t> the uumher of air particle'; whi< h j oar. 
. ■.>ah- is thus gaming molecules faster than it is I,.-.- 
;i!ol siiiee the pressure of tt gas at a. given tempera- 
; »-rmim-d solely liy the number of molecules u hh h 
riling the wall, the inside pressure must iunv.ise 
. i 11 mln-r [ter etibie eentinn-ter inside is so much larger 
: i timber outside that moleeules pass out as fast as 
iit. When the U-ll jar is rem<>vetl the hydr<-gen 
- passed inside now begins to pass out faster than 
•lei* air passes in, and henee the inside pressure is 


l. 


emperature and molecular velocity. The effects which 
: v«_-cl when a gas is heated furnish further evidence 
-molecules are in motion. 
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light body is more easily moved than a heavy one, the f 
because a body once set in motion is more quickly stop} 
a dense gas than by a very rare one. At a pressure c 
atmosphere the dancing motions of small drops is excee 
striking. There can be no doubt, then, that what the oil 
are here seen to be doing, the molecules themselves ai 
doing, only in a much more lively way. 

72. Molecular velocities. From the known weight of a 
centimeter of air under normal conditions, and the knowr 
which it exerts per square centimeter, —namely, 1033 £ 
— it is possible to calculate the velocity which its mol 
must possess in order that they may produce by their col 
against the walls this amount of force. Further, since a 
centimeter of hydrogen which is in condition to exert the 
pressure as a cubic centimeter of air weighs only one 
teenth as much as the air, it is evident that the hyd 
molecules must be moving much more rapidly than t 
molecules, or else they could not exert the same pre 
The result of the calculation gives to the air molecules 
normal conditions a velocity of about 445 meters per se 
while it assigns to the hydrogen molecules the enoi 
speed of 1700 meters (a mile) per second. The speec 
cannon ball is seldom greater than 800 meters (2500 
per second. It is easy to see then, since the molecu' 
gases are endowed with' such speeds, why air, for exa 
expands instantly into the space left behind by the 
piston of the air pump, and why any gas always fills 
pletely the vessel which contains it. 

73. Diffusion of gases through porous walls. Strong 
dence for the correctness of the above views is furnish* 
the following experiment: 

Let a porous cup of unglazed earthenware be closed with a i 
stopper through which a glass tube passes, as in Fig. 60. Let th 
be dipped into a dish of colored water, and a jar containing hyc 


James Cleric-Maxwell 

0831-1879) 

One of the greatest of mathemati¬ 
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One of the most brilliant of Ger¬ 
man physicists, who, in spite of his 
early death at the age of thirty- 
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to theoretical physics, and left be¬ 
hind the epoch-making experimen¬ 
tal discovery of thetdeetromugnetie 
waves predicted by Maxwell. Wire¬ 
less telegraphy is hut an applica¬ 
tion of tills discovery of so-called 
" Hertzian” waves (seep. 413). The 
capital discovery that ultra-violet 
light discharges negatively eleetri- 
iied bodies is also due to llertz 
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placed over the porous cup, or let the jar simply be held in the position 
shown in the figure, and illuminating gas passed into it by means of a 
rubber tube connected with a gas jet. The rapid passage of bubbles out 
through the water will show that the gaseous pressure inside the cup is 
rapidly increasing. Now let the bell jar be lifted, so that the hydrogen 
is removed from the outside. Water will at once 
begin to rise in the tube, showing that the inside 
pressure is now rapidly decreasing. 

The explanation is as follows: We have 
learned that the molecules of hydrogen have 
about four times the velocity of the mole¬ 
cules of air. Hence, if there are as many 
hydrogen molecules per cubic centimeter 
outside the cup as there are air molecules 
per cubic centimeter inside, the hydrogen 
molecules will strike the outside of the wall 
four times as frequently as the air molecules 
will strike the inside. Hence, in a given 

time, the number of hydrogen molecules liydro S en throu s b 
. . . . , . . „ . porous cup 

which pass into the interior of the cup 

.through the little holes in the porous material will be four 
times as great as the number of air particles which pass out. 
Since the inside is thus gaining molecules faster than it is los¬ 
ing them, and since the pressure of a gas at a given tempera¬ 
ture is determined solely by the number of molecules which 
are bombarding the wall, the inside pressure must increase 
until the number per cubic centimeter inside is so much larger 
than the number outside that molecules pass out as fast as 
they pass in. When the bell jar is removed the hydrogen 
which has passed inside now begins to pass out faster than 
the outside air passes hi, and hence the inside pressure is 
diminished. 

74. Temperature and molecular velocity. The effects which 
are observed when a gas is heated furnish further evidence 
that its molecules are in motion. 



Fig. GO. Diffusion of 
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Let a bulb of air B be connected with a water, manometer m, as in 
Tig. 01. If the bulb is warmed by holding a Bunsen burner beneath it, 
or even by placing the hand upon it, the water at m will at once begin 
to descend, showing that the pressure exerted by 
the air contained in the bulb has been increased 
by the increase in its temperature. If B is cooled 
with ice or ether, the water will rise at m. 

Now if gas pressure is due to tlie bom¬ 
bardment of the walls by the molecules of 
the gas, since the number of molecules in 
the bulb can scarcely have been changed 
by slightly heating it, we are forced to 
conclude that the increase in pressure is 
due to an increase in the velocity of the 
molecules which are already there. The 

„ t i Fig. 61 • Expansion 

temperature or a given gas, then, from the 0 f a } r p y i iea t 
standpoint of the kinetic theory, is deter¬ 
mined simply by the mean velocity of the gas molecules. To 
increase the temperature is to increase the average velocity of 
the molecules, and to diminish the temperature is to diminish 
this average molecular velocity. The theory thus furnishes a 
very simple and natural explanation of the fact of the expan¬ 
sion of gases with a rise in temperature. 

QUESTIONS AND PROBLEMS 

1. Automobile, tires are pumped up to a pressure of 80 lb. per sq. in. 
What is the density of the contained air? (1 atmosphere = 14.7 lb.) 

2. If a vessel containing a small leak is filled with hydrogen at a 
pressure of 2 atmospheres, the pressure falls to 1 atmosphere about 
4 times as fast as when the same experiment is tried with air. Can 
you see a reason for this? 

3. A liter of air at a pressure of 70 cm. is compressed so as to occupy 
400 cc. What is the pressure against the walls of the containing vessel ? 

4. If an,open vessel contains 250 g. of air when the barometric height 
is 750 mm., what weight will the same vessel contain at the same tem¬ 
perature when the barometric height is 740 mm. ? 
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5. Tim density of air is .001293 when the temperature is 0° C. and 
the pressure 70 cm. IIow large must a vessel be to contain a kilogram 
of air when the temperature is 0° C. and the pressure 75 cm. ? 

6. On a day on which the barometric height is 70 cm. the volume of 
the space above, the mercury in a Torricelli tube is 10 cc., and on account 
of air in this space the mercury in the tube stands only 71 cm. high. 
IIow high will the mercury stand above the cistern if the tube is pulled 
up out of the dish so that the space above is 20 c.c.? 

7. Find the pressure to which the diver was subjected who descended 
to a depth of 201 ft. Find the density of the. air in his suit, the density 
at the surface being .00118 and tin 1 , temperature 1 icing assumed to remain 
constant. Take.-the pressure at the surface as 75 cm. 

8. A bubble of airwhieh escaped from this diver’s suit would increase 
to how many times its volume on reaching the surface? 

Molfcui.au Motions in Liquids 

75. Molecular motions in liquids and evaporation. Evidence 
that the; molecules oL ; liquids as well as those of gases are in a 
skate of perpetual motion is found, first, in the familiar facts 
of evaporation. 

We knenv-that the molecules of a liquid in an open vessel 
are continually passing off into the space; above ; for it is only 
a matter of time when the liepiid completely disappears and the 
vessel be’.comes dry. Nenv it is hard to imagine a way in which 
the; moliHuilcs of a liquid thus pass out of the liepiiel into the 
space; above;, unle;ss these, moleemlus, while; in the liepiid condition, 
are in motion. As soon, however, as sue;h a motion is assumed, 
the; facts of evaporation become perfectly intelligible;. For it is 
l,o he; expected that in the jostlings and collisions of rapidly 
moving liepiid moleic.ulcs an occasional molecule; will acepiire a 
velocity lruic.h greater than the; average. 'I'his nmloenlc may 
them, because of the unusual speed of its motion, break away 
from the attraction of its neighbors and fly off into the space; 
above. This is indeed the mechanism by which we now believe 
that the; preicess of evaporation goes on from the surface of 
any liepiid. 
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76.. Molecular motions and the diffusion of liquids. One of 

the most convincing arguments for the motions of molecules 
in gases was found in the fact of diffusion. But precisely the 
same sort of phenomena are observable in liquids. 

Let a few lumps of blue litmus be pulverized and dissolved in water. 
Let a tall glass cylinder be half filled with this water and a few drops 
of ammonia added. Let the remainder of the litmus solntion be turned 
red by the addition of one or two cubic centimeters 
of nitric acid. Then let this acidulated water be 
introduced into the bottom of the jar through a . 
thistle tube (Fig. 02). In a few minutes the line of 
separation between the acidulated water and the 
blue solution will be fairly sharp; but in the course 
of a few hours, even though the jar is kept perfectly 
quiet, the red color will be found to have spread 
considerably toward the top of the jar, showing that 
the acid molecules have gradually found their way 
toward the top. 

Fig. 02. Diffusion 

Certainly, then, the molecules of a liquid 0 f iiq U i t is 
must be endowed with the power of independ¬ 
ent motion. Indeed, every one of the arguments for molec¬ 
ular motions in gases applies with equal force to liquids. 
Even the Brownian movements can be seen in liquids, though 
they are here so small that high power microscopes must be 
used to make them apparent. 

77. Molecular motions and the expansion of liquids. The fact 
of the expansion of gases with a rise of temperature was looked 
upon as evidence that the molecules of gases are in motion, the 
velocity of this motion increasing with an increase in tempera¬ 
ture. But precisely the same property belongs to liquids also. 

Thus, let the bulb (Fig. 63) be heated with a Bunsen burner. The 
contained liquid will be found to expand and rise in the tube. 

It is natural to infer that the cause of this increase in volume 
is the same as before; that is, the velocity of the molecules 
of the liquid has been increased by the rise in temperature, 
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and they have therefore jostled one another farther apart, and 
thus caused the whole volume to be enlarged. According to 
this view, then, an increase in temperature in a liquid, as in a 
gas, means an increase in the mean velocity of the 
molecules, and conversely a decrease in temper¬ 
ature means a decrease in this average velocity. 

78. Evaporation and temperature. If it is true 
that increase in temperature means increase in 
the mean velocity of molecular motion, then the 
number of molecules which chance in a given 
time to acquire the velocity necessary to carry 
them into the space above the liquid ought to 
increase as the temperature increases; that is, 
evaporation ought to take place more rapidly at 
high temperatures than at low. Common obser- ^ ^ ^ 
vation teaches that this is true. Damp clothes pa n S i on 0 f a 
become dry under a hot flatiron but not under liquid 

a cold one; the sidewalk dries more readily 

in the sun than in the shade; wc put wet objects near 

a hot stove or radiator when we wish them to dry quickly. 

Properties of Vapors 

79. Saturated vapor. If a liquid is placed in an open vessel, 
there ouglit to be no limit to the number of molecules which 
can be lost by evaporation, for as fast as the molecules emerge 
from the liquid they are carried away by air currents. As a 
matter of fact, experience teaches that water left in an open 
dish does waste away until the dish is completely dry. 

But suppose that the liquid is evaporating into a closed 
space, such as that shown in Fig. 64. Since the molecules 
which leave the liquid cannot escape from the space S, it is 
clear that as time goes on the number of molecules which have 
passed off from the liquid into this space must continually 
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increase; in other words, I In* density ol tin* vapor in 
grow greater and greater. Uni. I hen* is an absolutely < 
limit to the density which (lie vapor can all aim f'or, i 
as it roaches a oerlain va.lne, depending' on (lie tempi 
and on {.ho nature, of (he lit|uid, (lit 1 numhor of niu 
returning per second to the liquid surlaee will he ( 
equal to the number escaping. 'The sapor is 
then said to be s<dnr<de</. i 

If the density of the vapor is lessened (cm « 

pora.rily by increasing the si/.e of the sessel .s’, 
more molecules will escape from the liquid per } —• 
second than return to if until the densitv of ^ 
the vapor has regained its original salue. i.iw.l'i 

If, on (lie. other baud, the density of the sapor 
has been increased by compressing it, more molecules ret 
the liquid per second than escape, and the densits of the 
falls quickly fo its " saturated " value. We learn, tlieu, tl 
densiii/ of the saturated vapor of a liquid defends mi the tei, 
fare alone , and. eannot. he ajf'retrd fa/ elnuv/rx in rofnme. 

80. Pressure of a saturated vapor. Just as a gas ev 
pressure against the walls of the containing sessel h 
blows of its moving molecules, so also docs a confined \ 
But at any given temperature (he densits of a saturated 
can have only a definite value, (hat is, there can be o 
definite number of molecules per cubic centimeter. It 
lows, therefore, that just as at any temperature the sain 
vapor can have only one density, so also it can have nub 
pressure. 'This pressure is called the prrximrr if the sat a 
vapor eorrespondiiig to tbe given temperature. 

bet four Torricelli tubes be .set. up ns in Kb;, ib., nut! with the i 

a curved pipette (Idg. lib) lei. u drop of rthr-r be ...1 iid 

but,tom nf tube /. This drop wilt at. mnv line to the n.p nud a p< 
of it will evaporate into the vacuum wlndi esi-.ls above the met 
The prcHHU re of Mils vapor will push down the lumvury coluiiOi, an 
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number of centimeters of this depression will of course be a measure of 
the pressure of the vapor. It will be observed that the mercury will fall 
almost instantly to the lowest level which it will ever reach — a fact 
which indicates that it takes but a very short time for the condition of 
saturation to be attained. In the same way let alcohol and water be 
introduced into tubes d and S respectively. 

While the pressure of the saturated ether vapor at the 
temperature of the room will be found to bo as much as 40 
centimeters, that of alcohol will be found to he but 4 or 
5 centimeters, and that of water 
only 1 or 2 centimeters. 

Let a Bunsen flame be passed quickly 
across the tubes of Fig. 05 near the upper 
level of the mercury. The vapor pressure 
will increase rapidly in all of the tubes, as 
shown by the fall of the mercury columns. 

This will he especially noticeable in the 
ease of the ether. 

The experiment proves that both 
the pressure and the density of a 
saturated vapor increase rapidly 
with the temperature. This was 
to have been expect,ed from our 

theory; for increasing the temper- *’ m - 06 - Vtt l J ° r P im,ures of 
„ 1 ..... . saturated vapors 

ature oi the liquid increases the 

mean velocity of its molecules and lienee increases the num¬ 
ber which attain each second the velocity necessary for escape. 

Let air be introduced into tube 4 until the mercury stands at about 
the same height as in tube 1. Let pieces of ice be held against tubes 1 
and 4 near the top of the mercury. The mercury will rise in both, but 
much more rapidly in the ether tube than in the air tube, thus showing 
that the ether vapor is condensing. 

The experiment shows that if the temperature of a saturated 
vapor is diminished, it condenses until its density is reduced 
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to that correspond inu’ to saturation at the lower tempi 
llow rapidly the density and pressure ot' saturation i 
with temperature may ho seen from (lie following laid 

Taiu.k or Con Siam's oc S,\Tn:.\n ii \\ a 11 u V aimi: 

The table shows the pressure I\ in millimeleis of niereurv, and 
sit.y 1) of aqueous vapor sunt rated at. temperatures I 1 < 
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81. 

The influence of air 

on evaporation. 

We 

nl.senei 


when a drop of other was inserted into a Torricelli tithe t hi 
eury fell my/ uiuit/cnlt/ to its thud position, showing tha 
viieuum the condition of saturation is reached almost insl; 
'This was to have been expected from the jpval velocities' 
we found the molecules of j^ttses mid vapors to possess. 

In order to .see what elfeet the presence id’ air has upon evapot 
let, a drop of ether he introduced into a Torricelli tube which is 
tilled with air. The mercury will not, now he found to sink ucdui 
its (iuul level as it. did before, hut althmu*,h it will fall rapidly at 
it will continue to fall slowly for several hours. ,\t tlm end of a, i 
the. temperature has remained emistaut, it will show a depression ' 
indicates a vapor pressure of the ether just, m ^reat as that ousti 
a tube which utmtuins no air. 
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The experiment leads, then, to the rather remarkable con¬ 
clusion that just as much liquid ivill evaporate into a space which 
is already full of air as into a vacuum. The air has no effect 
except to retard greatly the rate of evaporation. 

82. Explanation of the retarding influence of air on evapo¬ 
ration. This retarding influence of air on evaporation is easily 
explained by the kinetic theory; for while in a vacuum the 
molecules which emerge from the surface fly at once to the 
top of the vessel, when air is present the escaping molecules 
collide with the air molecules before they have gone any appre¬ 
ciable distance away from the surface (probably less than 
.00001 centimeter), and only work their way up to the top 
after an almost infinite number of collisions. Thus, while the 
space immediately above the liquid may become saturated very 
quickly, it requires a long time for this condition of saturation 
to reach the top of the vessel. 

It must not be forgotten, however, that at a given tempera¬ 
ture the pressure existing within a vessel containing gases is 
simply due to the total number of molecules per cubic centi¬ 
meter which are striking blows against each square centimeter 
of the wall. Therefore, when a liquid evaporates into a closed 
vessel already containing air, the pressure gradually increases, 
and is ultimately equal to the air pressure plus the pressure of 
the saturated vapor. When a liquid evaporates in an open ves¬ 
sel, — that is, under constant pressure, — its molecules crowd 
out an equal number of molecules of air. 

QUESTIONS AND PROBLEMS 

1, Salt is heavier than water. Why does not all the salt in a mix¬ 
ture of salt and water settle to the bottom ? 

2. The space above the mercury in a Torricelli is filled with satu¬ 
rated ether vapor. Its volume is 20 cc. and the height of the mercury 
is 36 cm. The tube is pushed down into the mercury cistern until the 
volume occupied by the vapor is 10 cc. What is now the height of thq 
mercury ? 
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3. If the inside of a huromcler tube R vve|. wlmu it is tilled 
envy, will the height of the mercury he the s.iiue ;i . in a tin t 

4. Al. a temperature nf l.V C. what will he (in- error in 
niet/t’ie height, indicated h\ a barometer vvlih h eoiitaim nioi ai 
Table. of (’onstants of Saturated \\ ater \ apor, p. if,!.) 

5. Why do clothes dry more quickly on a vvindv dav than < 
day V 

6. If dry air were placed in a closed vr.-.t when theharoi 
7<i cm., and a dish of water then introilneeil within the rh< 
what pressure would finally he attained within the \e>.el it th 
ature. were kept at lS' (',? 

7. How many "nuns of water will evaporate at ‘Jo ■ C, inti 
room IS x ‘JO x -1 m.? (See (aide, p. tij, for ib-unU of satttr.i 
vapor at JO" ('.) 

IlYC.KilMKTKY, OK. T11K STUDY oK MnlSl'tf.K CnNt 

in tiik Atmosimikki: ’ 

83. Condensation of water vapor from the air. Wot 
for (.lie retarding iiillnmioo of air upon evaporation wi 
lie obliged to live, in a 11 atmosphere uhioh would Le 
completely saturated with water vapor; for the ev aj 
Irom oeoans, hikes, and rivers would almost instantly ; 
all the regions of the earth. 'Litis condition one h 
moist clothes would never dry, and in which all object 

he perpetually soaked in moisture would 1.. 

uncomfortable, if not altogether unendurable. 

Hut. on account of the slowness with which, ns (he 
periment showed, evaporation takes place info air, th 
vapor which always exists in the atmosphere is ttsu 
from saturated, even in the immediate neiqliboi hood < 
and rivers. Since, however, the amount of vapor y 
necessary to produce saturation rapidly dec eases wit 
in temperature, if the temperature deetease-. eoutiju 
some unnaturaled locality, it is clear that a point nut 

* II !h rcrmmiicmled that, tliis Milijcrt l»c po-. rdf.t to a lati.namry <1 
Unn of flew (mint., humidity, etc. See, for rvuuqdr, Kvjienmimt lu,>f tti 
manual. 
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bo reached at wdiich tlu; amount of vapor already existing in a 
eubie eentime.te.r of the atmosphere is the amount correspond¬ 
ing to saturation. Then, in accordance with the facts discov¬ 
ered in § SO, if the temperature still continues to fall, the 
vapor must begin lo condense. Whether it condenses as dew, 
or cloud, or fog, or rain will depend upon how and where the 
cooling lakes plan 1 . 

84. The formation of dew. If the cooling is due to the natu¬ 
ral radiation of heal, from the earth at -night after the sun’s 
warmth is withdrawn, the atmosphere itself does not fall in 
temperature nearly as rapidly as do solid objects on the earth, 
such as blades of grass, frees, stones, ele. The layers of air 
which come info immediate contact with these cooled bodies 
arc themselves cooled, and as they thus reach a temperature 
at which the amount of moisture which they already contain 
is in a saturated condition, they begin to deposit this mois¬ 
ture., in the form of dew, upon the cold objects. Thu drops of 
moisture which collect on an ice pitcher in summer illustrate 
perfectly the, whole, process. 

85. The formation of fog. If the cooling at night is so 
great as not only to bring the grass and trees below the tem¬ 
perature at which the vapor in. the air in contact with them is 
in a state, of saturation, but also to lower the whole body of 
air near the earth he.low (his temperature, then the condensa¬ 
tion takes jdace not only on the solid objects hut also on dust 
particle,s suspended in the atmosphere. This constitutes a fog. 

86. The formation of clouds, rain, hail, and snow. When 
flu; cooling of the atmosphere takes place at some distance 
above the earth’s surface, as when a warm current of air enters 
a cold region, if the resultant temperature is below that at 
which the amount of moisture already in the air is sufficient 
to produce saturation, this excessive moisture immediately 
condenses about iloating dust particles and forms a aloud. 
If the cooling is Hiiflicient to free a considerable amount of 
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moisture, the drops become large and fall as rain. 
falling rain passes through cold regions, it freezes in 
If the temperature at which condensation begins is 
freezing, the condensing moisture forms into snoiojlc 

87. The dew point. The temperature to which the 
phere must be cooled in order that condensation ma; 
is called the dew point. This temperature may 

be found by partly filling with water a brightly 
polished vessel of 200 or 300 cubic centimeters 
capacity and dropping into it little pieces of ice, 
stirring thoroughly at the same tin 
mometer. The dew point is the 
temperature indicated by the ther¬ 
mometer at the instant a film of 
moisture appears upon the pol¬ 
ished surface. In winter the dew 
point is usually below freezing, I ' IU - Apparatus f< 
and it will therefore be necessary mining dew pou 

to add salt to the ice and water in order to make tl 
appear. The experiment may be performed equal! 
by bubbling a current of air through ether containe 
polished tube (Fig. 66). 

88. Humidity of the atmosphere. From the dew poi: 
table given in § 80, p. 62, we can easily find what h 
monly known as the relative humidity , or the degree of . 
tion of the atmosphere. This quantity is defined as th 
between the amount of moisture actually present in the c 
cubic centimeter and the amount which would be present 
air were completely saturated. This is precisely the same 
ratio between the pressure which the water vapor pres 
the air exerts and the pressure which it would exer 
were present in sufficient quantity to be in the saturate 
dition. An example will make clear the method of fi 
the relative humidity. 
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Suppose that the dew point were found to be 15° C. on a day on which 
the temperature of the room was 25° C. The amount of moisture actu¬ 
ally present in the air then saturates it at 15° C. We see from the P 
column in the table that the pressure of saturated vapor at 15° C. is 
12.7 millimeters. This is, then, the pressure exerted by the vapor in 
the air at the time of our experiment. Running down the table, we 
see that the amount of moisture required to produce saturation at the 
temperature of the room, that is, at 25°, would exert a pressure of 
23.5 millimeters. Hence at the time of the experiment the air con¬ 
tains 12.7/23.5, or .54, as much water vapor as it might hold. 
We say, therefore, that the air is 54% saturated, or that the relative 
humidity is 54%. 

89. Practical value of humidity determinations. From hu¬ 
midity determinations it is possible to obtain much information 
regarding the likelihood of rain or frost. Such observations 
are continually made for this purpose at all meteorological 
stations. Further, they are made in greenhouses to see that 
the air does not become too dry for the welfare of the plants, 
and also in hospitals and public buildings, and even in private 
dwellings, in order to insure the maintenance of hygienic liv¬ 
ing conditions. Fox the most healthful conditions the relative 
humidity should be kept at from 50% to 60%. 

90. Cooling effect of evaporation. Let three shallow dishes be 
partly filled, the first with water, the second with alcohol, and the third 
with ether, the bottles from which these liquids are obtained having stood 
in the room long enough to acquire its temperature. Let three students 
carefully read as many thermometers, first before their bulbs have been 
immersed in the respective liquids and then after. In every case the 
temperature of the liquid in the shallow vessel will be found to be 
somewhat lower than the temperature of the air, the difference being 
greatest in the case of ether and least in the case of water. 

It appears from this experiment that an evaporating liquid 
assumes a temperature somewhat lower than its surroundings, 
and that the substances which evaporate the most readily, that 
is, those which have the greatest vapor pressures at a given 
temperature (see § 80), assume the lowest temperatures. 
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Another way of establishing I In* same Irulli i. t.* place a | 
of each of the above liquids in succession on t lu- Null, of I he 
moil!, shown in I‘*ii*'- HI, ami observe (ho ri o ni waler in (lit* > 
more simply si ill, lo place a low drops «>i oacli liquid on the lu 
hand, ami notice that, the order in which I low evaporate 
el,her, alcohol, water is the order ol gleam.I cm ding. 

91. Explanation of the cooling effect of evaporatio 
kinetic. theory furnishes a simjile explaualion of (he 
effects of evaporalion. We saw that in accordance w 
theory eva,jiorat ion means an eseajie 1mm (he surlaee ( 
moleenles which have acquired velocities eonsitlorai>b 
the average. I Jut. sneli a continual lo ;s fmm a liijtiii 
most rapidly moving molecules iu\ oh c-., id course, a ee 
diminution of (he average \eIoeily o| the uioleeu 
behind in the liquid slate, and this mean*, a doorcase 
temperature of ihe liquid (see §§ 71 ami 77 ). 

Again, we should expeel the aliiolllil of cooling lo 
portional lo the rale at which the liquid is losing urn 
lienee, of the three liquids studied, ether should cot 
rapidly, since if shows (he highest \ upo«- pressure at i 
temperature and iherefore the highest rale of ends, 
molecules. The alcohol should come next in order, a 
wafer hist, as was in fact ohsmed. 

92. Freezing by evaporation. In £ *1 it was shown 
liquid will evaporate much more quickly into a vaeutu 
info a space, containing air. lienee if we plueo a liquid 
file, receiver of an air pump mid exhaust rapidly, we ot 
expect a much greater fall in temperature than w b 
liquid evaporates into air. This oonelusion may be stri 
verilied as follows: 

lad, a thin watch glass he tilled with ether and pl.ie. il upon a 
(■eld water, preferably i ot* waWr, which re-a •> up>>i< ,i thin phis 
bet the whole arrangement, he plaeed underneath th»* receiver ■> 
pump and the air rapidly exhausted. After a few minute* t.f p 
the watch glass will lm found frozen to Ihe plate 
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By evaporating liquid helium in this way Professor Kam- 
erlingh Onnes of Leyden, in 1911, attained the lowest tem¬ 
perature which has ever been reached, namely, — 271.3° C. 
or — 456.3° F. 

93. Effect of air currents upon evaporation. Let four ther¬ 
mometer bulbs, the first of which is dry, the second, wetted with water, 
the third, with alcohol, and the fourth with ether, be rapidly fanned and 
their respective temperatures observed. The results will show that iu 
all of the wetted thermometers the fanning’ will considerably augment 
the cooling, but the dry thermometer will be wholly unaffected. 


The reason that fanning thus facilitates evaporation, and 
therefore cooling, is that it removes the saturated layers of 
vapor which arc, in immediate contact with the liquid and 


replaces them by unsaturated layers into 
which new evaporation may at once take 
place. From the behavior of tlie dry- 
bulb thermometer, however, it will he 
seen that fanning produces cooling only 
when it can thus hasten evaporation. 
A dry body at the temperature of the 
room is not cooled in the slightest 
degree by blowing a current of air 
across it. 

94. The wet- and dry-bulb hygrometer. 
In tlie wet- and dry-bulb hygrometer 
(Fig. 67) tlie principle of cooling by 
evaporation finds a very useful appli¬ 
cation. This instrument consists of two 
thermometers, the bulb of one of which 



Fig. 67. Wet- and dry- 
bulb hygrometer 


is dry, while that of the other is kept continually moist by 


a wick clipping into a vessel of water. Unless the air is satu¬ 
rated the wet bulb indicates a lower temperature than the 


dry one, for the reason that evaporation is continually taking 
place from its surface. How much lower will depend on how 
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the same temperature as the dry one. By comparing the 
indications of this instrument with those of the dew-point 
hygrometer (Fig. 66), tables have been constructed which, 
enable one to determine at once from the readings of the 
two thermometers both the relative humidity and the dew 
point. On account of their convenience instruments of this 
sort are used almost exclusively in practical work. They 
are not very reliable unless the air is made to circulate 
about the wet bulb before the reading is taken. In scien¬ 
tific work this is always done. 

95. Effect of increased surface upon evaporation. Let a small 
test tube containing a few drops of water be dipped into a larger tube, ox* 
a small glass, containing ether, as in Fig. 68, and let 
a current of air be forced rapidly through the ether 
with an aspirator, in the manner shown. The water 
within the tube will be frozen in a few minutes. 

The effect of passing bubbles through 
the ether is simply to increase enormously .p IG . 68. Freezing 

the evaporating surface, for the ether mole- water by the evap- 

, i . £ i „ oration of ether 

cules which could before escape only at the 

upper surface can now escape into the air bubbles as well- 

96. Factors affecting evaporation. The above results may 
be summarized as follows: The rate of evaporation depends 
(1) on the nature of the evaporating liquid; (2) on tlie 
temperature of the evaporating liquid; (3) on the degree of 
saturation of the space into which the evaporation takes place ; 
(4) on the density of the air or other gas above the evaporating 
surface; (5) on the rapidity of the circulation of the air above 
the evaporating surface; (6) on the extent of the exposed, 
surface of the liquid. 



Molecular Motions in Solids 

97. Evidence for molecular motions in solids. We have in¬ 
ferred that the molecules of liquids are hi motion, in part at 
least, from the fact that liquids increase in volume when the 
temperature is raised, and from the fact that molecules of the 
liquid can usually be detected in a gaseous condition above 
the surface. Both of these reasons apply just as well in the 
case of solids. 

Thus the facts of expansion of solids with an increase in 
temperature may be seen on every side. Railroad rails are 
laid with spaces between tlieir ends so that 
they may expand during the heat of sum- CT ^ ==4^Ib 
mer without crowding each other out of 
place. W agon tires are made smaller than 
the wheels which they are to fit. They „ „, 

J J TTg. GO. Expansion 

are then heated until they become large of SO Ms 

enough to be driven on, and in cooling 
they slirink again and thus grip the wheels with immense 
force. A common lecture-room demonstration of expansion 
is the following: 

Let the ball B, which when cool just slips through the ring 11, be 
heated in a Bunsen flame. It will now be found too large to pass 
through the ring; but if the ring is heated, or if the ball is again 
cooled, it will pass through easily (see Fig. G9). 

98. Evaporation of solids, — sublimation. That the mole¬ 
cules of a solid substance are found in a vaporous condition 
above the surface of the solid, as well as above that of a liquid, 
is proved by the often observed fact that ice and snow evapo¬ 
rate even though they are kept constantly below the freezing 
point. Thus wet clothes dry hi winter after freezing. An 
even better proof is the fact that the odor of camphor can be 
detected many feet away from the camphor crystals. The 
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sirikmo' experiment.: 

Let, a few crystals of indinc 1 '*> \•* 1 on a 
c'cnUy with a Hansen llamc. Tlic \ i *i 1 * 1*‘ '»*!■*"' "t will ;i|-jn a 

above, t.ho crystals, Uioui'li none m the 1 i*j 11 i<l i . mi m. ,i. \ .t ■ . 1 1 man 

substances at, hh;ii tciupcrut.mvM pa-.-; ihuiinun iti> -"b.l )>. tin- ■■a.i-nii 

cniuUtinii without, passing tlmuiyh the liipml ■l.c , ,r at all. 1 hi, pmee, 
is called ,s uthtintulioit. 

99. Diffusion of solids. 11 lias recently hern demon-urnti 
t.lnil if a layer of haul is placed upon a layer id ;pdd, mol 
railcs of jrold nitty in lime be detected thruiednmt the win 
inttss of the. lead. This diffusion of solid-, into one aiMher 
ordinary temperature. has been shown only h<r i!n--,e tv 
met,ids, hut, id, higher temperaltires, for esample mm (all 
the. meUds show' the same characteristics to <juit«• a '.urpri-dt 
decree. 

'Thu evideitee for (he existence of moh-eular motion*, 
solids is then no less strong than in the ra-.e oi lupin! 

100. The three states of matter. Aithomdi u ha- he ( 
shown tlrat in accordance w ith eurreiit hehrf the molecules i 
all sulisla.uees it,re, in very rapid motion, am! fh.it the temper 
t-nre of a oicn substance, whether in the -.-del, hipdd, i 
trtiseous eotulil.ion, is determined h\ the a\ mme \ rlo. d v , 
its moleeules, yet. differenees exist, in the l.md ut motj.-n wliii 
the molecules in the three stales pov,r%-.. d hu , in the soli 
stid.e it is prohidile I hat the molecules .rdlate with *pvaf 
rapidity about certain fixed points, ulu.n -. h.-iny held |»y (h. 
at,tractions of I,heir iiein-hhors, (hat i-., h\ the do 

(sue § IT.)), in practically the same position, with nfejeure 
to ot,her moleeules in the body, In rare imdam e-, however, ns 
t.liu facts of dill itsiuii show, a jn*decnle In ml, • a w a \ i i om it *, 
constraints. In liquids, on (he oilier hand, while (he mole¬ 
cules are, in general, its close together a-, in '.did-,, thr\ slip 
about with pe.rleet <‘ase over one another and thus have no 
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fixed positions. This assumption is necessitated by the fact 
that liquids adjust themselves readily to the shape of the 
containing vessel. In gases the molecules are comparatively 
far apart, as is evident from the fact that a cubic centimeter 
of water occupies about 1600 cubic centimeters when it is 
transformed into steam; and furthermore, they exert prac¬ 
tically no cohesive force upon one another, as is shown by 
the indefinite expansibility of gases. 

QUESTIONS AND PROBLEMS 

1. Does dew " fall ”? 

2. Why floes sprinkling the street on a hot day make the air cooler ? 

3. Why is the heat so oppressive on. a very damp day in summer? 

4. Would fanning produce any feeling of coolness if there were no 
moisture on the face? 

5. If there were moisture on the face, would fanning produce any 
feeling of coolness in a saturated atmosphere ?. 

6. If a glass beaker and a porous earthenware vessel are filled with 
equal amounts of water at the same temperature, in the course of a few 
minutes a noticeable difference of temperature will exist between the 
two vessels. Which will be the cooler, and why ? Will the difference in 
temperature between the two vessels be greater in a dry or in a moist 
atmosphere? 

7. Why are icebergs frequently surrounded with fog? 

8. What weight of water is contained in a room 5 x n x 3 m. if the 
relative humidity is 00% and the temperature 20° C.? (See table, p. 02.) 

9. Why will an open, narrow-necked bottle containing ether not 
show as low a temperature as an open shallow dish containing the 
same amount of ether? 

10. A morning fog generally disappears before noon. Explain the 
reason for its disappearance. 

11. What becomes of the cloud.which you see about a blowing loco¬ 
motive whistle ? Is it steam ? 

12. Dew will not usually collect on a piielier of ice water standing 
in a warm room on a cold winter day. Explain. 









CHAPTER V 


FORCE AND MOTION 

Definition and Measurement of Force 

101. Distinction between a gram of mass and a gram of force. 

If a gram of mass is lielcl in the outstretched hand, a down¬ 
ward pull upon the hand is felt. If the mass is 50,000 g. in¬ 
stead of 1, this pull is so great that the hand cannot be held 
in place. The cause of this pull we assume to be an attractive 
force which the earth exerts on the matter held in the hand, 
and we define the gram of force as the amount of the earth's pull 
at its surface upon one gram of mass. 

Unfortunately, in ordinary conversation we often fail alto¬ 
gether to distinguish between the idea of mass and the idea 
of force, and use the same word " gram ” to mean sometimes 
a certain amount of matter, and at other'times th q pull of the 
earth upon this amount of matter. That the two ideas are, how¬ 
ever, wholly distinct is evident from the consideration that 
the amount of matter in a body is always the same, no matter 
where the body is in the universe, while the pull of the earth 
upon that amount of matter decreases as we recede from the 
earth’s surface. It will help to avoid confusion if we reserve 
the simple term "gram” to denote exclusively an amount of 
matter, that is, a mass, and use the full expression " gram of 
force ” wherever we have in mind the pull of the earth upon 
this mass. 

102. Method of measuring forces. When we wish to com¬ 
pare accurately the pulls exerted by the earth upon different 
masses, we find such sensations as those described in the 
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preceding paragraph very untrustworthy guides. An accurate 
method, however, of comparing these pulls is that furnished 
by the stretch produced in a spiral spring. Thus the pull 
of the earth upon a gram of mass at its sur¬ 
face will stretch a given spring a given dis¬ 
tance ab (Fig. 70). The pull of the earth 
upon 2 grams of mass is found to stretch the 
spring a larger distance ac, upon B grams a 
still larger distance ad , etc. We have only 
to place a fixed surface behind the pointer 
and make lines upon it corresponding to the 
points to which it is stretched by the pull of 
the earth upon different masses in order to Fig. to. Method of 
graduate a spring balance (Fig. 71), so that measuimg foices 
it will thenceforth measure the values of any pulls exerted 
upon' it, no matter how these pulls may arise. Thus, if a man 
stretch the spring so that the pointer is opposite the mark 
corresponding to the pull of the earth upon 2 grams of mass, 
we say that he exerts 2 grams of force. If he 
stretch it the distance corresponding to the pull 
of the earth upon B grams of mass, he exerts 
3 grams of force, etc. The spring balance thus 
becomes an instrument for measuring forces. 

103. The gram of force varies slightly in differ¬ 
ent localities. With the spring balance it is easy 
to verify the statement made above, that the force 
of the eartli ? s pull decreases as we recede from 
the earth’s surface; for upon a high mountain 
the stretch produced by a given mass is indeed 
found to be slightly less than at the sea level. Furthermore, 
if .the balance is simply carried from point to point over the 
earth’s surface, the stretch is still found to vary slightly. For 
example, at Chicago it is about one part in 1000 less than it 
is at Paris, and near the equator it is five parts in 1000 less 



Fig. 71. The 
spring balance 
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than it is near the pole. This is due in part to the earth’s 
rotation, and in part to the fact that the earth is not a per¬ 
fect sphere, and in going from the equator toward the pole 
we are coming closer and closer to the center of the earth. 
We see, therefore, that the gram of force is not an absolutely 
invariable unit of force. 

Composition' and Resolution of Forces 

104. Graphic representation of force. A force is completely 
defined when its magnitude , its direction, and the point at which 
it is applied are given. Since the three characteristics of a 
straight line are its length , its direction, and the 'point at which 
it starts, it is obviously possible to represent 

forces by means of straight lines. Thus, if 
we wish to represent the fact that a force 1,10 ■ 72 - Graphic 
of 8 pounds, acting in an easterly direction, is ^^^gie^force 01 ^^ 
applied at the point A (Fig. 72), we draw a 
line 8 units long, beginning at the point A and extending to 
the right. The length of this line then represents the magni¬ 
tude of the force; the direction of the line, the direction of 
the force; and the starting point of the line, the point at 
which the force is applied. 

105. Resultant of two forces acting in the same line. The 

resultant of tivo forces is defined as that single force which will 
produce the same effect upon a body as is produced by the joint 
action of the two forces. 

If two spring balances are attached to a small ring and 
pulled in the same direction until one registers 10 g. of force 
and the other 5, it will be found that a third spring balance 
attached to the same point and pulled in the opposite direc¬ 
tion will register exactly 15 g. when there is equilibrium; 
that is, resultant of two similarly directed forces is equal to the 
mm of the two forces. 
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Similarly, the resultant of tivo oppositely directed forces applied 
at the same point is equal to the difference between them , and its 
direction is that of the greater force. 

• 106o Equilibrant. In the last experiment the pull in the 

spring balance which registered 15 g. was not the resultant 

of the 5 g. and 10 g. forces; it was rather a force equal and 

opposite to that resultant. Such a force is 

called an equilibrant. The equilibrant. of a -ff / R 

force or forces is that single force which will -- 

just prevent the motion which the given forces / q 

tend to produce. It is equal and opposite to a 

the resultant. ' , Pig. 73. Direction 

107. The resultant of forces acting at an of resultant of two 
angle. If a body at A is pulled toward the equalf °^es at light 
east with a force of 10 lb. (represented in 
Fig. 73 by the line AC) and toward the north with a force 
of 10 lb. (represented in the figure by the line A 71), the 
effect upon the motion of the body must, of course, be the same 
as though some single force acted somewhere between AC 

and AB. If the body „_ R 

moves under the ac- 

tion of the two equal / 

forces, it may be seen ' ^ a 

from symmetry that 
it must move along ^ 

a line midway be- PlG - 74 ‘ Resultant of two forces at an angle is 
" represented by the diagonal of tlie parallelogram 

tween A C and AB, 0 f which the forces are sides 

that is, along the line 

AB. This line therefore indicates the direction as well as the 
point of application of the resultant of the forces A C and AB. 

If the two forces are not equal, then the resultant will lie 


Pig. 74. Resultant of two forces at an angle is 
represented by the diagonal of the parallelogram 
of which the forces are sides 


nearer the larger force. As a matter of fact, the following 
experiment will show that if the two given forces are represented 
in direction and in magnitude by the lines AB and AC (Fig. 74), 
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then their resultant will he e.raeth/ re/ires, tifed h»th in dirr.'f'mu 
ami in magnitude hif the diai/ona! Alt’ <>J (hr j<ara/ffhti/rain t>f 
which AB and. AC are sides. 

Let the. rings of l,wo spring balances In* Imu:’, "\i-r nail. /.' and (’ ju 
Lius rail at the top of Liu* blackboard (. • “’)• and l*'t a weight J(* 

ho liticl iH i ar the middle. of Mu* string joinin'*, Me- lu*i*L . <■! Mu- twn 
balances. The force of the earth's ullraetioii t<u tio' W'-ight 1} i, tlu-n 
exactly equal and opposite to the resultant <*l the tun bur.-, e\.i tid by 
the, spring balance's; that is, OW is the ^ ( . |t 

eijuilihnuU of the. fnre.es exerted by the hul- p 'J 

ances. L<*t the. lines 0 .1 and M/Oie drawn 

upon the. blackboard behind tin* string, * ' 

and upon these lines let distances On and A \ | li 

Oh be laid off which contain us many 
units of length as there are units of force 
indicated by tin; balances R and /•’ rcspec 
lively. Tin'll let a parallelogram he con 
si,meted upon On and Oh as sides. The 
diagonal of this parallelogram will be j ]ft* 

found in the, lirst place to be exactly ver j , ^ , rJ| < t , 

tieal, that is, in the dinrlitin of (he re- Ml |.. u , t n, i.unSra 

sal taut;, since it is exactly opposite to 

Dll r ; and in tin* second place, the inii/itt of the diagonal will be t,.mid 
to contain as many units of length us there ;ue unit ; .<! hi the 

earth’s attraction for IT ( IT must., of course, be exj.je, >rd »u th>- j.uie- 
units as the balance readings). Therefote tin* diagonal >>R opo- ,,-iit-i 
in direction, in magnitude, and in point, of apple u! em fie- i< -uSf.uU of 
the. two form's r<*pn‘Senl,ed by <hi ami oh. 

108. Component of a force. Whenever a I'.m-e u , ts upon a 
body in some direction other limn llml in which the body k 
free to move,, it is clear that, the full effect uf tin- inter can- 
not; bo spent in producing mol inti, For example, suppose that 
a forno is applied in the direction nit ( Fig. 7*1 j t.» a ear <m tut 
elevated track. Evidently nit prodttees two distinct effects 
upon the ear: on the one hand, it moves f)u> oar along the 
track ; and on the. other, it presses i( dimu against the rails. 
These two ed’eets might he prudm-ed jn.st as well by two 


! • 
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separate forces acting in the directions OA and OB respectively. 
The value of the single force which, acting in the direction OA, 

will produce the same motion of the ,_ n __ m 

car on the track as is produced by OB, I * A . 

is called the component of OR in the \. 

direction OA. Similarly, the value of n -— 

the single force which, acting in the js 
direction OB, will produce the same Fig. 76. Component of a 
pressure against the rails as is pro- force 

duced by the force OR, is called the component of OR in the 
direction OB. In a word, the component of a force in a given 
direction is the effective value of the force in that direction. 

109. Magnitude of the component of a force in a given direc¬ 
tion. Since, from the definition of component just given, the 
two forces, one to be applied in the direction OA and the other 
in the direction OB, are together to be exactly equivalent to 
OR in their effect on the car, their magnitudes must be repre¬ 
sented by the sides of a parallelogram of which OR is the 
diagonal. For in § 107 it was shown that if any one force is 
to have the same effect upon a body as two forces acting 
simultaneously, it must be represented by the diagonal of a 
parallelogram the sides of which represent the two forces. 
Hence, conversely, if two forces are to be equivalent in their 
joint effect to a single force, they must be sides of the paral¬ 
lelogram of which the single force is the diagonal. Hence the 
following rule: To find the component of a force in any given 
direction, construct upon the given force as a diagonal a rectangle 
the sides of which are respectively parallel and perpendicular to 
the direction of the required component. The length of the side 
which is parallel to the given direction represents the magnitude 
of the component which is sought. Thus, in the above illustra¬ 
tion, the line Om completely represents the component of OR 
in the direction OA, and the line On represents the component 
of OR in the direction OB. 
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Again, when a boy pulls on a sled with a force of 10 lb. 
in the direction Oli (Fig. 77), the force with which the 
sled is urged forward is represented by the length of Om, 
which is seen to be 
but 9.8 lb. instead of 

10 lb. rTf? n K. 


To app]y the test of 
experiment to the con¬ 
clusions of the preceding 



paiagiaph, let a wagon ]? Kii 77 . Horizontal component of pull on a slecl 
be placed upon an in¬ 
clined plane (Fig. 78), the height of which, be, is equal to one half its 
length ab. In this case the force acting on the wagon is the weight 
of the wagon, and its direction is downward. Let this force be repre¬ 
sented by the line OR. Then by the construction of the preceding 
paragraph, the line Om will represent the value of the force which is 
pulling the carriage down the plane, and the line On the value of 
the force which is producing pressure against the plane. Now since 
the triangle ROm is similar to the triangle abe (for ZmOR — Z abc, 
ZRmO = Zacb, and ZORm — Zbac), we have 

Om _ be 

OR ab ’ 


that is, in this case, since be is equal to one half of ab, Om is one half 
of OR. Therefore the force which is necessary to prevent the wagon 
from sliding down the plane should be equal 
to one half its weight. To test this con¬ 
clusion let the wagon be weighed on the 
spring balance and then placed on the plane 
in the manner shown in the figure. The 
pull indicated by the balance will, indeed, 
be found to be one half of the weight of 
the wagon. 

The equation Om /OR = bc/ab gives us the 
following rule for finding the force necessary 
to prevent a body from moving down an in- 



Fiu. 78. Component of 
weight parallel to an in¬ 
clined plane 


dined plane, namely, the force which must be applied to a body to hold it i?i 
place upon an inclined plane bears the same ratio to the weight of t\t body 
that the height of the plane bears to its length. 
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110. Component of gravity effective in producing the motion 
of the pendulum. When a pendulum is drawn aside from its 
posilimi ol rest (Fig;. 7 l d), the force acting on the hob is its 
weight, mid the direction of (his force, is vertical. . 

lml. it- he represented by the line OH. The com- / 

pound, ni this have in the. direction in which the / 

hob is tree to move, is Du, and the component at / 

right, angles to this direction is Oni. The second j 

component (hit simply produces strut,eh in the. vfi/ 
string and pressure, upon the. point, of suspen- / /n~ 
sion. 'The tirsl. component. On is alone response- /'j 

hlc tor the motion of the hob. A consideration it 

of the ligaire shows that (his component becomes p I(1< 7i) y olrc 
larger and larger the. greater the displacement acting on dis- 
of the hob. When the hob is directly beneath placed 
1 he point of support, the component producing 
motion is zero, lienee a pendulum can be permanently at rest 
only when its hob is directly beneath the, point of suspension.* 


QUESTIONS AND PROBLEMS 

1. In log. stl the line on represents the j mil of gravity on a kite, 

and die line represents the pull of the hoy on the string. What is 
I tie name gi\ en lo the ^ 

foree represented by 

l lie line lilt V \ 

2. If the force of ^ A..--^ \b 

(lie wind again.*,!. the m •, 1 d'' J 

kite hi represented , l\[ \ 

by the line d/(, anil Xs ‘N;j \ 

it, is ennsidered to ' H 

lie applied at. what Km. Korean acting on a kite 

must, lie the relation 

between the force ult and tlm component, of AH parallel to oil when 
the kite is in eipulibrium under the. action of the existing forces. 

3. If the wind increases, why does the kite rise higher? 

* li is rerniiimeiuletl that Uni Stanly of tlm laws of Urn pendulum lm introduced 
lulu lue laboratory work tU about this point (hoo Experiment 1H, authors’ manual). 
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4. Represent graphically a force, of lid Ik acting southeast and a 
force of 40 lb. acting southwest at the same point. What, will lie (l u > 
magnitude of the resultant, mul what will be its approximate direct ion ? 

5. The engines of a steamer can drive it l‘J mi. an hour. How last, 
can it go up a stream in which the. current is a ft. per second? I low 
fast can it come down the 
same stream ? 

6. The. wind drives a 
steamer east with a form 
which would carry if 12 mi. 
per hour, and its propeller is ,L^ . 
driving it south with a force, 
which would carry it If) mi. 
per hour. What distance will 
it actually travel in an hour? 

Draw a diagram to represent F|(;< 8I> K(llr|l j uvl , NS;u . v pn-veiil a bar. 
the exact path. ml from rolling down an inclined plane 

7. A hoy pulls a loaded 

sled weighing 2001b. up a hill which rises 1, ft. in :> measured along the 
slope. Neglecting friction, how much form 1 must lie exert-V 

8. If the barrel of Fig. Si weighs 200 11*., with what, force must, 



a man push parallel to the. skid 
the skid is 9 ft. long and the. 
platform. 3 ft. high? 

9. Why does a workman 
lower the handles of a wheel¬ 
barrow when he wishes to push 
the load over an obstacle? 

10. Could a kite bn ilown 
from an automobile when there, 
is no wind? Explain. 

11. Show from Fig. H2 what 1,1 


to keep fill' barrel ill place if 
H U 

Direction «i/ I'lvjht f ^ 



H2, Forces acting on an aeroplane 


force supports an a/iroplann in 

flight. (Remember that olt, the component of the wind pressure Ali 
perpendicular to the plane, is the only force net jug out. of which u 
support for the aeroplane can he derived.) 

12. What force will he required to support a f><) lb. bull <m uu inclined 
plane of which the length is 10 times the height? 

13. A boy is able to exert a force of 7;" lb. Neglecting friction, how 
long an inclined plane must he have in order to push a truck weighing 
350 lb. up to a doorway 3 ft. above the. ground? 


' rim.\ 
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Gravitation 

111 . Newton’s law of universal gravitation. In order to 
account for the fact that the earth pulls bodies toward itself, 
and at the same time to account for the fact that the moon and 
planets are held in their respective orbits about the earth and 
the sun, Sir Isaac Newton (1642-1727) first announced the 
law which is now known as the law of universal gravitation. 
This law asserts first that every body in the universe attracts every 
other body with a force which varies inversely as the square of the 
distance between the two bodies. This means that if the distance 
between the two bodies considered is doubled, the force will 
become only one fourth as great; if the distance is made three, 
four, or five times as great, the force will be reduced to one ninth, 
one sixteenth, or one twenty-fifth of its original value, etc. 

The law further asserts that if the distance between two 
bodies remains the same, the force with which one body attracts 
the other is proportional to the product of the masses of the two 
bodies. Thus we know that the earth attracts 3 cubic centi¬ 
meters of water with three times as much force as it attracts 
1, that is, with a force of 3 grams. We know also, from the 
facts of astronomy, that if the mass of the earth were doubled, 
its diameter remaining the same, it would attract 3 cubic cen¬ 
timeters of water with twice as much force as it does at 
present, that is, with a force of 6 grams (multiplying the mass 
of one of the attracting bodies by 3 and that of the other by 
2 multiplies the forces of attraction by 3 x 2, or 6). In brief, 
then, Newton’s law of universal gravitation is as follows: Any 
two bodies in the universe attract each other with a force which 
is directly proportional to the product of the masses and inversely 
proportional to the square of the distance between them. 

112 . Variation of the force of gravity with distance above the 
earth’s surface. If a body is spherical in shape and of uniform 
density, it attracts external bodies with the same force as 
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though its mass were concentrated at its center. Since, there¬ 
fore, the distance from the surface to the center of the eartli 
is about 4000 miles, we learn from Newton’s law that the 
earth’s pull upon a body 4000 miles above its surface is but 
one fourth as much as it would be at the surface. 

It will be seen, then, that if a body be raised but a few feet 
or even a few miles above the earth’s surface, the decrease in 
its weight must be a very small quantity, for the reason that 
a few feet or a few miles is a small distance compared with 
4000 miles. As a matter of fact, at the top of a mountain 
4 miles high 1000 grams of mass is attracted by the earth 
with 998 grams instead of 1000 grams of force. 

113. Center of gravity. From the law of universal gravita¬ 
tion it follows that every particle of a body upon the earth’s 
surface is pulled toward the earth. It is 
evident that the sum of all these little pulls 
on the particles of which the- body is com¬ 
posed must be equal to the total pull of the 
earth upon the body. Now it is always pos¬ 
sible to find one single point in a body at 
which a single force equal in magnitude to 
the weight of the body and directed upward 
can be applied so that the body will remain 
at rest in whatever position it is placed. 

This point is called the center of gravity of the body. Since 
this force counteracts entirely the earth’s pull upon the body, 
it must be equal and opposite to the resultant of all the small 
forces which gravity is exerting upon the different particles of 
the body. Hence the center of gravity may be defined as the 
point of application of the resultant of all the little downward 
forces; that is, it is the point at which the entire weight of the 
body may he considered as concentrated. The earth’s attraction 
for a body is therefore always considered not as a multitude of 
little forces but as one single force F (Fig. 83) equal to the 



Fiu. 88. Center of 
gravity of an irreg¬ 
ular body 


gravitation 


(85 

pull of gravity upon the body and applied at its center of 
gravity G. It is evident, then, that under the influence of the 
earth?s pull , every body tends to assume the position in which its 
center of gravity is as low as possible. 

114. Method of finding center of gravity experimentally. 
From the above definition it will be seen that the most direct 
way of finding the center of gravity of any fiat body, like that 
shown in Fig. 84, is to find the point upon which it will balance.' 

Let an irregular sheet of zinc he thus balanced on the point of a 
pencil or the head of a pin. Let a small hole be punched through 
the zinc at the point of balance, 
and Jet a needle he thrust through 
this hole. When the needle is held 
horizontally the zinc will be found 
to remain at rest, no matter in 
what position it is turned. 

To illustrate another method 
for finding the center of gravity 
of the zinc, let it be supported 
from a pin stuck through a hole 
near its edge, that is, b (Fig. 84). 

Let a plumb line be hung from 
the pin, and let a line bn be drawn through b on the surface of the zinc 
parallel to and directly behind the plumb line. Let the zinc be hung 
from another point a, and another line am be drawn in a similar way. 

Since tlic earth’s attraction may be considered as a single 
force applied at the center of gravity, the zinc can remain at 
rest only when the center of gravity is directly beneath the 
point of support (see § 118). It must therefore lie somewhere 
on the line am.. For the same reason it must lie on the line 
bn. But the only point which lies on both of these lines is 
their point of intersection G. The point of intersection , then , 
of any two vertical lines dropped through two different points of 
suspension locates the. center of gravity of a body. 

115. Stable equilibrium. A body is said to be in stable equi¬ 
librium if it tends to return to its original position when very 
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slightly tipped out of that position. A pendulum, a chair, 
a cube resting on its side, a cone resting on its base, are 

all illustrations. 

In general, a 
body is in sta¬ 
ble equilibrium 
a whenever tip¬ 
ping it slightly 
tends to raise 
its center of 

Fig. 85. Illustration of varying degrees of stability gravity Thus 
in Fig. 85 all of the bodies J, B , C, _D, are in stable equilibrium, 
for in order to overturn any one of them, its center of gravity 
G must be raised through the height ai. 
all alike, that one will be most stable 
for which ai is greatest. 

The condition of stable equilibrium for bodies 
which rest upon a horizontal plane is that a 
vertical line through the center of gravity shall 
fall within the base, the base being defined as 
the polygon formed by connecting the points 
at which the body touches the plane, as ABC 
(Fig. 86); for it is clear that in such a case a 
slight displacement must raise the center of 
gravity along the arc of 
which OG is the radius. 

If the vertical line drawn through the center of 
gravity fall outside the base, as in Fig. 87, the 
body must always fall. 

The condition of stable equilibrium for bodies 
supported from a single point is that the point 
Fig.' 87. Body not in support be above the center of gravity. For 
•equilibrium example, the beam of a balance cannot be in 

stable equilibrium so that it will return to the 
horizontal position when slightly displaced, unless its center of gravity g 
(Fig. 3, p. 7) is below the knife-edge C. (The pans are not to be con¬ 
sidered, since they are not rigidly connected to the beam.) 



If the weights are 



Fig. 86. Body in stable 
equilibrium 
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116. Neutral equilibrium. A body is said to be in neutral 
equilibrium when, after a slight displacement, it tends neither 
to return to its original position nor to move farther from it. 
Examples of neutral equilibrium are a spherical ball lying on 
a smooth plane, a cone lying on its side, a wheel free to rotate 
about a fixed axis through its center, or any body supported 
at its center of gravity. In general, a body is in neutral equi¬ 
librium when a slight displacement neither raises nor lowers 
its center of gravity. 

117. Unstable equilibrium. A body is in unstable equilib¬ 
rium when, after a slight tipping, it tends to move farther from 
its original position. A cone bal¬ 
anced on its point or an egg on 
its end are examples. In all such 
cases a slight tipping lowers the 
center of gravity, and the motion 

then continues until the center Fig - 88, staljle ’ unstable ’ and 
» •• . neutral equilibrium 

o± gravity is as low as circum¬ 
stances will permit. The condition for unstable equilibrium 
in the case of a body supported by a point is that the center of 
gravity shall be above the point of support. Fig. 88 illustrates 
the three kinds of equilibrium. 

QUESTIONS AND PROBLEMS 

1. What is the most stable position of a brick? What the least? 
Why? 

2. Where is the center of gravity of a hoop ? of a cubical box ? Is 
the latter more stable when empty or full? Why? 

3. Why is it unsafe to stand up in a canoe? 

4. Where must the center of gravity of the beam of a balance be 
with reference to the supporting knife-edge C (Fig. 3, p. 7) ? Why? 
Could you make a weighing if C and g coincided? Why ? 

5. The pull of the earth on a body at its surface is 100 kg. Find the 
pull on the same body 4000 mi. above the surface; 1000 mi. above the 
surface; 3 mi. above the surface. (Take the earth’s radius as 4000 mi.) 

6 . What is the object of ballast in a ship? 
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7. Explain wliy the toy shown in Fig. 89 will not lie upon i 
but instead rises to the vertical position. Does the center of j 
actually rise ? 

8. What purpose is served by the tail of a kite? 

9. If a lead pencil is balanced on its point on 
the finger, it will be in unstable equilibrium, but 
if two knives are stuck into it, as in Fig. 90, it 
will be in stable equilibrium. 

Why ? 

10. Why does a man lean 
forward when he climbs a 
hill ? 

11 . Do you get more sugar 
to the pound in Calcutta than 
in Aberdeen? Explain. 



Falling Bodies 

118. Galileo’s early experiments. Many of the familiar and 
important experiences of our lives have to do with falling 
bodies. Yet when we ask ourselves the simplest question 
which involves quantitative knowledge about gravity, such 
as, for example, Would a stone and a 
piece of lead dropped from the same 
point reach the ground at the same or 
at different times ? most of us are uncer¬ 
tain as to the answer. In fact, it was the 
asking and the answering of this very 
question by Galileo about 1590 which 
may be considered as the starting point 
of modem science. 

Ordinary observation teaches that light 
bodies like feathers fall slowly and heavy 
bodies like stones fall rapidly, and up Fig. 91. Leaning tower 
to Galileo’s time it was taught in the of Pisa, from which were 
schools that boches fall with veloei- to'sfmo^perimente 
ties proportional to their weights.” Not ' on falling bodies 
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content with lunik knowledge, however, Galileo tried 
hinisell. In (he presence ol the prolessors mid students < 
the I'niversitv of Pisa. he dropped halls of different. si/,< 
and. materials from the top of the lower of Pisa, ( Fip\ <11 
ISO feet hip'll, and found that they fell in practically l! 
same time. He showed that even very lip'll t bodies like papi 
fell with vrloeit ies which approached more 
and more nearly those of heavy bodies I he 
more compactly they were wadded topvlhcr. 

From these experiments lie inferred that,./// 
fini/ir.'t, rrrn (hr li<ihtrst y would /til at /hr 
xittttr )'<ttr il'i'/'i' it n<>t /or thr nsistitn<'r </ 

(In' air. 

Thai' 11(0 uir riv.i;.lis iudccil (lie ehief faelor 
in tin' slowness of full of feathers and el Iter lip,lit. 
objects can he shown 1 iv ]■ 11it11<in<v tin* air mil. of a 
tube cunlainiup a feather and a coin ( Kb';, irj). The 
inure complete the c\|cuu*aion t he more nearly do 
the feather and coin fall side b\ .side when the lube 
is inverted. The air pump. Inmiser, was not invented 
until si\lv scars after thUiicids time. 


"li 


Km. U‘), Keath 
and coin fall l 
pet her in a \ aeon 


119. Exact proof of Galileo’s conclusion. We 
ran demonstrate the correctness of (ialileo's 
conclusion in slid smother wav, one which In* himself u: 


bet- kails of iron and wood, for example, be .started tupvtlmr down 
the ineliued plain* of Kip. lid. Tiny will be found to Keep loydicr 
all tile wav down. (If tiny roll in a groove, they should have the 
same diameter ; ot hei u b.e, size G immaterial.) The experiment, differs 
from that- of tin* peels lalline, bodies <mlv in Ihal- the reuinlauee ol 
the air is here more nearly in'c.lic.ible because tin* bsdbi are uioviiic, 
more slowly. In order to make them move still more .slowly mid at 
llu* same time to eliminate romplehdy nil possible eHeels dm* to the 
ft'iel ioli of the plane, let, Hi follow Galileo and suspend the different, 
ball*, as the boles of pendulums of exactly die same length, two meters 
lonp at least, mid start, them sw iupinp throiipli eipml ares. Siime now 
the India, us tiny pass through any riven po-diiou, are merely movinp 
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vt'ry slowly down identical inclined j.*l.i 11 >■ t !■ i• *. DM. it b i 
this is only a rcliuemcut i»f tin* hut e\pei burnt. MV shull 
tho tint os 'of full. Unit, is. tic pn-ois, <>f tin- pni.ltihuin u, 
the same. 

Wc conclude from tin* ulum* oxprnment, with 
and wildt Newton wlm performed it with tin* uttu 
a hundred years later, that in n rnemtm the rehcity 
per second by f t J reel y Jalhuy body is i.rnefiy ihe t 
all bodies. 

120. Relation between distance and time of fall, 
found Unit, barring air resistance, all bodies fall in r\, s 
same way, we shall tuM. try In limi u hat relation 
tween distance and time of lull; and sinee a lively lallj 
falls so rapidly as (o mako direot measurements upni 
eult, we shall adopt (hililoo’s plan of stud) iug tho law 
ing hodie.s through observing the motions of a hal. 
down an inclined plain*. 

Let, a grooved hoard 17 or IS ||, Inin; he .ti|•[<>>t t>-d u , in pj 
end being about, a font, above the other. Let the bdr of llit* 
divided into f«*et-, and let. tin* bluet }l in* -u-t ju t lo it. n-ort 
ing point, of the Lull . I. Let. a met ti<i|oiu<* or a eluel. brutim; u 
started, and the marble released at the in a.iuf m one t-lick >d t 
notue. If the marble dues not hit the blur},, -...that t tie etiel, ji. 
the inpiaef. <d" the liall coincides e\aeti\ w il.b I to* li ft h ehek *.i t 
nome, alter the iiedinat ion until I hi t is 1 he .-a .e ( 1'lu > .idju a i 
well be nuute by tin * (euelter befure ehi-is,) .Wvt, >a.u t the ttt.u 
at Homo idiek uf the metrutjt'me mid Hole tbut it *■ i.>.!■•■» the t 
exactly at (.lie end of the first heeond, the t ft. tlt.tlf at the e) 
sitooud Heeond, the tt-fl. murk at I he. end *»f tin- thiol ’irenod, 
B at the Itt-ft. murk tit, the cud of the foot Ut sreond Tin t e,m 
mom ar.imrately by placing B xtteeesVveh ;i t the *«• it , the J ft, 
1-ft.mark, and outing that the rliek produced b\ the impart 
exaetlywit.il the pnt|ier eliek of tlo* ... 

We (ton(dudo then, wit It (hililen, t hut the distance t 
by a falliny body in any minder <>/ nee,aids is the 
traversed the Jint second times the siyutre of the nit 
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seconds; that, is, if I> represents the distance traversed tlie first 
second, S the total spare, and t. the. number of seconds, /S = J)tr. 

121. Relation between velocity and time of fall. In the last 
paragraph we investigated the distances traversed in one, 
two, three, etc. .seconds. Let us now investigate the velocities 
acquired on the same inclined plane in one, two, three, etc., 
seconds. 

Let, a second grooved hoard M he placed at. the bottom uf 1,lit; incline, 
in the manner .shown in Fig. tilt. To eliminate friet,tun it should be 
given a slight. slant, just, siillicicnt. to cause tin 1 ball to roll along it with 



two, three, etc. seconds 

uniform velocity, lad. the bull be started at. a distance L up the incline, 
!> being tin 1 distance which in the last, experiment, it, was found to roll 
during the first, second. It will then just reach the bottom of tin* incline 
at, the instant of the second click. Here it will be freed from the inllu- 
enee of gravity, and will therefore move along the lower board with I,lie 
velocity which it had at the cud of the first, second. It, Will be. found 
that, when the block is placed at. a distance exactly equal to 2 I) from 
the bottom of the incline, the ball will hit, it at. the exact, instant, of the 
third click of the metrouome, that, is, exactly two seconds after starting; 
hence the velocity acquired in one second is 2 IK 1 f the ball is started at 
a distance 1 /) up tlo* incline, it will take it two seconds to reach the 
hot,tom, and it. will roll a distance •! Liu tlm next, second; that is, in 
two seconds it. acquires a velocity •! I>. In three seconds it will be found 
to acquire a velocity (5 /), etc. 

Tim experiment, shows, first, that, the gain in velocity each 
second is the same; and second, that tint amount of this guilt 
is numerically equal to twice (lit 4 distance traversed the first, 
second. Motion, like the above, in which velociti/ is (faint'd at 
a constant rate , is called unifartnh / accelerated motion . 
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In uniformly accelerated motion the ynhi eaeh second in the 
velocity is called the acceleration. It; is numerically equal tu 
twice the distance traversed the iirst second. It is usually 
denoted by the letter a. 

122. Formal statement of the laws of falling bodies. I hit 
ting together the results of the last two paragraphs, we nblaiu 
the following table in which ./> represents (he distance tra\ 
ersed the first second in any uniformly accelerated motion. 


NlTMItKIt llli' 
filCOONIiH (/) 

1 

2 

s 

4 



2 I) 
•1 I) 
(! I) 
H 1) 


2 / 1 ) 


2 I) 
2 I> 
2 I) 
2 1 ) 

2 D 


I !> 
t /» 
0 /» 
ns t> 

!•' !> 


Since D was shown in § 121 to lie equal to one half of t he accel¬ 
eration a , we have at once, by substituting 1 a for l) in the last 
line of the table, , {1 r _. (ff ( j ) 

- o at". ,2) 

Those formulas are .simply the algebraic slaleiiicut cf tin- f.oT. 
brought uutby oar experiments, Iml, 1,1m reasons fur thtv.e | iU T. may 
be scum as follows : 

Sinco in uniformly aee.elcruted motion the tieeeleralimt a i, tlm 
velocity in ctmUincfcrs per second gained cacti second, it follow; at 
once, that when a body starts from rest, Mm velocity ulmdi il ha t at 
the end of f, seconds is given by r ■ tit. This is formula (1). 

To obtain formula (2) wo have, only to relied. Unit di-dumm haw-r.ed 
is always equal to 1.1m average, velocity multiplied by tlm lium, Wlmu 
the .initial velocity is zero, as in this ease, ami llm’iimd \dociu is m, 
average velocity = (t) + at) 2 .; • at. Heueu 

.S’ I at~. 

This is formula (2). 

These are the fundamental formulas of uniformly accelerated motion, 
but it is sometimes convenient to obtain Urn final velocity e directly hum 
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tin 1 total ilistanee ft tall N, ui- vice versa. This may uf course he dime 
11 \ itimpls miIi. I it u! in.", in (l!) I hr \ ;tlni‘of / ulitaim'd fmin (l), namely 1 ■ 

■iii . a 

1 In.i !;ni-. 

r ' -Ji/.N'i p’>) 

123. Acceleration of a freely falling body. If in Urn above 
i‘\jiiTiniriil 11 if slope of tin- |ilaue lie lunile steeper, (he. results 
will oln ioiish lie precisely the same, except. thill, the accede, ra- 
lion has a larper value. If the heard is tilted until it. becomes 
vertical, the body heeonies a freely fill line; body. In this ease 
ibedistatiee traversed the first second is found to he •(!)() cent.i- 
meters, or 1 li.US fci't. lienee (lie acceleration expressed in 
centimeters is ‘.ISO, in feel 32. III. This acceleration of free 
fall, called the ih'irlrnttinn tif i/nn'iti/, is usually denoted by (.lie 
letter </. For freely falling bodies, then, (.he three formulas 

of the last paragraph become 

o ///, (d ) 

.S‘ .1 >,f\ (f.) 

e (<i) 


Til illu it lair tlm II .1- uf 1 In* ie fnl'liiillu i, ;iU|i|ni;>r we wish In Knew 
v, it h wh.u v r h ii • 1 1 \ .1 1 1* I* tv will hit Ute isn't h if it. fulls I'mui a height, 
uf :ilili ni.'l.'i i hi ‘.'0,1 mil < f-n 111 n«(>* iFrom pi) Wc gel, 


I \ •„! '.CiU * 211,1100 Oh’tll rill, per see. 

124. Height tit uuoiat. ll we wish In liml the height. .S' In which a body 
pi n|i eleil u-ilmallv upward will rise, We retleel, 11ml- the hi mi' ef iuieeiil, 
lima, he tlm initial u-leeit v iliviih-il hy the upward veleeity which tlm 

inulv hiM-i pm •.eeiiinl, ih.t! i’>, l ' : liml the height, mudiotl mnsl, he l.his 
>1 

multipllei! hv the UVrUlgr Velue'jU ’ ^ -I lllllt. IS, 


■ V ••!)' ,,r " (7) 

.Sjiiee ( 1 i i the Mine u. pi), We hsi.ru that, in ii vaeiiuiu the speril with 
wllli'h ll l'l'ilv U 1 ti ll he pi ejeeletl UpWHI'il to rise In a given height, is Mm 
situue tet tin- sjH'eil winch H ueipiiren iu falling from Urn same height,. 
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125. The laws of the pendulum. Tin- first kiu of (he 
pendulum was found in § Hi), namely, 

1. The periods of 'pendulums of equal leapt hs sminpiiqi through 
short arcs are independent of the we);/ht and material of the l«>hx. 

Let the two pendulums of § 11!) In*. ,sid. swinging through arcs of 
lengths 5 centimeters and 25 centimeters respeetively. We .-.hull iiu.| 
thus the second law of the pendulum, namely, 

2. The period of a ‘pendulum smini/in </ through a short are is 
independent of the amplitude of the are. 

Let pendulums ] and i as long as the nhnve he swum; with it. The 
long pendulum will lie found l,u make only mu* vibration, w Idle t he oi her, 
are making two and three respectively. The I lord law of the pendulum 
is therefore 


3. The periods of pendulums are direetlp proportions! to the 
square roots of their lemjths. 

The accurate delermiuatiou of </ is never made lo, direct ue-a .in e 
meat, for the laws of the pendulum just established undo- ihi. iir,liu 
ment by far the most accurate one nhlainahle for this deteuiunation. 
It is only necessary to measure the length of a long pendulum and t la- 
time t between two successive passages of the huh m-n.the ,„„i pu, u t 

and then to substitute in the formula l rr v r in order to obtain a w ith i 

N.V 

high degree of precision, Tim deduction of t his formula r, not -mfald.' f«.i 
an elementary text, hub the formula itself may well he u.-,ed for ehcckuig 
the above value of y. 


yuj&ojuuiNO j 


1. A boy dropped a stone from a bridge usul noticed that it -dnm), 
the water in just d sec. Ilmv fast was it going when it -.Intel, 7 Ih.vi 
high was the bridge above the water? 

2. How high is a balloon, from which a stone falh to e.utit i 

3. With what spend does a bullet, strike the earth, if it j. 
from the Eiffel Tower, Tin m. high V 

4. If the acceleration of a marble rolling down an incline, 

20 cm. per second, what velocity will it have at the butt,, 
being 7 m. long? 

. 5 - If a man oau 3R- high on the earth, how high 


1 111 \ee. 

« -hopped 

l plane j-i 
, the plane 

could he 
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6. If si iimly xliiH 11 without. frirUnu down sin mulincil plant* moves 
•It) cm. (Inrimi tin* tii'st. si*mml ol its tlcsmit., anti if t.lu*. pltun 1 is fi(M) mu. 
loutf ami It).S ion. hi:;h, "'hat. is t,ln> value of tj'i (luuniuubtu* that. Uto 
aecfloralion down tin* iiudiuo is simply Urn eoni- 
jionoul. (§ I OS) id ;/ parallel to tin* undine.) 

7. I low far will a body fall in half a second? 

8. KijpUl represents t lie pendulum and "eseupe- 
meul." of a eluek. Tin* escapement, wheel I> isurjj'ed 
in the tl il'eet ion of the arrow by t.lu* cluck weights 
or sprim*;. The .slight. pushes eoiuniuninit.ed by t.lu* 
teeth of tin* wheel keep tin* pendulum from dying 
down. Show how the length of the pendulum eon- 
tnds the rate of t lie eloek. 


Nkwton’s Laws ok Motion 



126. First law — inertia. It is a matter of 
everyday observation that, bodies in amoving 
I rain tend to move Inward the. forward end 
when (be train slops and toward I lie. rear 
end when the (min starts; (hat is, bodies in 
mol ion seem to want to keep on moving, and 
bodies at. rest, to remain at rest-. 

Again, a hloek will go farther when driven 
with a given blow along si surface of glare, ice 
than when knocked along nil asphalt pave¬ 
ment. The reason which every one, will assign 
for this is that, (here is morn fried,ion between t.lio hloek and 
the asphalt than between the hloek and the. ice. But, when 
would the body stop if there were no friction at all? 

Astronomical observations furnish the most, convincing 
answer to this question, for we cannot, detect any retardation 
at all in the motions of the planets as they swing around the 
sun through empty space. 

Kurthermore, since mud Hies off ttnufnifUtlltj from a rotating 
carriage wheel, or water from a whirling grindstone, and since, 
too, we have to lean inward to prevent ourselves from falling 
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outward in going around a curve, it appears that bodies in 
motion tend to maintain not only the amount but also the 
direction of their motion. 

In view of observations of this sort Sir Isaac Newton in 
1686 formulated the following statement and called it the 
first law of motion. 

Every body continues in its state of rest or uniform motion in a 
straight line unless impelled by external force to change that state. 

This property , which all matter possesses , of ?r.sisting any at¬ 
tempt to start it if at rest , to stop it if in motion, or in any way to 
change either the direction or amount of its motion, is called inertia. 

127. Centrifugal force. It is inertia alone which prevents 
the planets from falling into the sun, which causes a rotating 
sling to pull hard on the hand until the stone is released, and 
which then causes the stone to 
fly off tangentially. It is iner¬ 
tia which makes rotating liquids 
move out as far as possible from 
the axis of rotation (Fig. 95), 
which makes flywheels some¬ 
times burst, which makes the 
equatorial diameter of the earth 
greater than the polar, which 
makes the heavier milk move 
out farther than the lighter cream in the dairy separator, etc. 
Inertia manifesting itself in this tendency of the parts of rotat¬ 
ing systems to move away from the center of rotation is called 
centrifugal force. 

128. Momentum. The quantity of motion possessed by a 
moving body is defined as the product of the mass and the 
velocity of the body. It is commonly called momentum. Thus 
a 10-gram bullet moving 50,000 centimeters per second has 
500,000 units of momentum. A 1000-kg. pile driver moving 



Fiu. 05. Illustrating centrifugal 
force 
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1000 centimeters per second lias 1,000,000,000 units of mo- 
meuluiu, efe. We shall always express momentum in CALS, 
units, that is, as a product of grains by centimeters per 
second. 

129. Second law. Since a li-j^ram mass is pulled toward 
the earth with twice as much have as is a 1-^raiu mass, a.ud 
since both, when allowed to fall, acquire the. same, velocity in 
a second, it Iollows that in this case the moment inn a produced 
in the two /‘"dies hp the tu'<> Jnrees are e.met/jj proportional to the 
forces themselves. In all eases in which forces simply overcome, 
inertias this rule is found to hold. 'Thus a 2000-pound pull 
oti an automobile on a lend road, where friction may be neg¬ 
lected, imparts in a second just, twice as much velocity as 
docs a 1 hOOq tnuud pull. In view of this relation Ne.wton's 
second law of motion was stated thus: 
liitte nt' elninpe of momentum is proper- 
tioind to the force aetiin /, uud hikes place 
in the direction in which the force acts . 

130. The third law. When a man 
jumps from a boat, to the shore, we 
all know that, the boat experiences 
a backward thrust; when a bullet is 
shot from a tptu, the <ynu recoils, or 
"kicks”; when a billiard hall strikes 
another, it loses speed, that is, is pushed hack while the. second 
halt is pushed forward. 'The following experiment will show 
how effects of this sort, may he studied quantitatively. 

J,rt v St steel bull .1 (Kqp Sill) he allowed t.u fall from a position 0 
uypiiira another exactly similar hall /»'. hi the impact .1 will lose pmc- 
lieallv all of its veloeity, and !i will move (o a position l>, which is at. 
praetieiiUv the mono beiqht as ( \ lienee the veloeity Required hy II is 
uliiiont exactly equal to that. wliich .1 hud before impaet. These veloc¬ 
ities would he eutetiy equal if the balls were perfectly elastic. It, is 
found t<« he exaetly true that the momentum acquired by / 1 plus that, 
j endued hv J is inuetiy equal to the momentum which d had before 

t 



Km. tut. Must ration of 
third law 



the impact. The momentum acquired by ]i is therefore exactly equal 
to that lost by A . Since by the second law change in momentum is pro¬ 
portional to the force acting, this experiment shows that A pushed for¬ 
ward on B with exactly the same force with which B pushed back on A. 

Now the essence of Newton’s third law is the assertion that 
in the ease of the man jumping from the boat the mass of the 
man times his velocity is equal to the mass of the boat times 
its velocity, and that in the case of the bullet and gun the 
mass of the bullet times its velocity is equal to the mass of 
the gun times its velocity. The truth of this assertion has 
been established by a great variety of experiments in addition 
to the one on impact given above. 

Newton stated his third law thus: To every action there is 
an equal and opposite reaction. 

Since force is measured by the rate at which momentum 
changes, this is only another way of saying that whenever a 
body acquires momentum some other body acquires an equal and 
opposite momentum. 

It is not always easy to see at first that setting one body 
into motion involves imparting an equal and opposite momen¬ 
tum to another body. For example, when a gun is held against 
the earth and a bullet shot upward, we are conscious only 
of the motion of the bullet; the other body is hi this case 
the earth, and its momentum is the same as that of the bullet. 
On account, however, of the greatness of the earth’s mass its 
velocity is infinitesimal. 

131. The dyne. Since the gram of force varies somewhat with locality, 
it has been found convenient for scientific purposes to take the second 
law as the basis for the definition of a new unit of force. It is called an 
absolute or C.Gr.S. unit, because it is based upon the fundamental units 
of length, mass, and time, and is therefore independent of gravity. It 
is named the dyne , and is defined as the force which, acting for one second 
upon any mass, imparts to it one unit of momentum ; or the farce which, acting 
for one second upon a one-gram mass, produces a change in its velocity of 
one centimeter per second. 
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132. A gram of fotoo equivalent to ij.'io dynes. A gram of force was 
defined as I lit* | «n 11 of tin* earth upon I pram of mass. Si ncc this pull is 
capable of imparling to this mass in 1 .second a velocity of UNO centi¬ 
meters per M'l'oiiil, that is, MHO units of momentum, am! since a dyne 
is I lie force required to impart, in I second 1 unit of moment um, if is 
clear Ural- the pram of force is eqniv almd. to '.'SO dynes of force. The 
ds in* is therefore a very small nnit.ahonl equal to the force with which 
the earth attract i a euhie millimeter id' water. 

133. Algebraic statement of tin* aeemul law. If a force /■' acts for / see. 
olid * on a mass of in prams, and in so doing increases its velocity e cen¬ 
timeters per second, I lieu, since the total momentum imparled in a time 


I is uir, the momentum imparted per second is ^ ; and si 
d\ lies is equal to momentum imparled per second, we have 


> in 


(«) 


Hut .since is tlie velocity pained pur second, if is equal to the acceler¬ 
ation it. Kquufiou (*) may therefore he wril.len 

/• w«. (!>) 


This is merely staling in the form of an equation that force is 
measured by rate of champ* in momentum. Thus, if an engine, after pull¬ 
ing for ;tn see. on a. train having a mass of 2,001',lint) Up., has given if a 

velocity of do cm. per second, flu* fen.. Hu-pull is 2,000,000,000 x 

1,000,000,000 dy lies. To redtife this foree to grams we divide hy DS0, 
and to reduce it to kilos we divide furlher by 1000. Hence the pull 
exerted hy the engine mi (he Haiu ‘lOHl ltg., uH.OMl 

utelrie tons. 


QUESTIONS AND PR0ULEMS 


1, Balance a calling card on flu 
it. Snap out. the card, leaving 
What principle is illustrated V 

2, Win, dors not the car (' 
of Fig. 07 fallV Wind carries 
it. f11nil H l<» l>t 

3, Why does a Ih wheel 
cause maehuiei v to run more 


linger ami place a coin upon 
coin balanced on flm linger. 



steadily f 

4. What pi ineiph* is applied 
wlii'ii one tightens lIn* head of a 


Kin. 07. A very ancient, loop the loops 
hammer by pounding on flu* handle? 
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5. Is it any easier to walk toward the rear than toward the front 
of a rapidly moving train ? Why ? 

6. Why does pounding a carpet free it from dust? 

7. Suspend a weight by a string (Fig. 98). Attach a piece of the 
same string to the bottom of the weight. If the lower string is pulled 
with a sudden jerk, it breaks; but if the pull is steady, the 
upper string will break. Explain. 

8 . If a weightus dropped from the roof to the floor of a 
moving car, will it strike the point on the floor which was 
directly beneath its starting point? 

9. Why is a running track banked at the turns? 

10. If the earth were to cease rotating, would bodies on 
the equator weigh more or less than now? Why? 

11. How is the third law involved in rotary lawn sprinklers ? 

12. The modern way of drying clothes is to place them in 
a large cylinder with holes in the sides, and then to set it in rapid 
rotation. Explain. 

13. If one ball is thrown horizontally from the top of a tower and 
another dropped at the same instant, which will strike the earth first ? 
(Remember that the acceleration produced by a force is in the direction 
in which the force acts and proportional to it, 
whether the body is at rest or in motion. See 
second law.) If possible, try the experiment 
with an arrangement like that of Fig. 99. 

14. If a rifle bullet is fired horizontally from 
a tower 19.6 m. high with a speed of 300 m., 
how far from the base of the tower would it 
strike the earth if there were no air resistance ? 

15. In a tug of war each team pulls with Fl(Ji99i illustratingNew- 
a force of 2000 lb. What is the strain on ton's second law 
the rope ? 

16. If two men were together in the middle of a perfectly smooth 
(frictionless) pond of ice, how could they get off ? Could one man get 
off if he were there alone ? 

17. If a 10-g. bullet is shot from a 5-kg. gun with a speed of 400 m. 
per second, what is the backward speed of the gun ? 




Fig. 98 


A laboratory exercise on the composition of forces should be performed during 
the study of this chapter. See, for example, Experiment 11 of the authors’ manual. 
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i\I<11,Mel ’lak Houcks in Solids. Klantkmtv 

134. Proof of the existence of molecular forces in solids. 
The furl that, a gas will expand without, limit, as the, volume 
ot tin* containing vessel is increased, seems to show very con¬ 
clusively that the molecules ofgases do not, exert, any appre¬ 
ciable attractive forces upon mm another. In fact., all of the 
experiments ol t'hapter I V showed that, such substances cer¬ 
tainly behave as they would if they consisted of mth'.pvmient 
tiioli't'uh'x moving hither and thither with great velocities and 
iulhteneiug each other’s motions only at the instants of col¬ 
lision. 1 let ween collisions the molecules doubt,less move in 
straight lines. It must, not, however, be thought Unit, the. dis¬ 
tances moved by a single, molecule, between successive col¬ 
lisions are large. In ordinary air these distane.es probably do 
nut average more than .0001 millimeter. Small, however, as 
this distance* is, it, is as much as one hundred times the radius 
of a molecule. 

Hut. (bat the molecules of W/i/h, on the, other hand, (ding 
together with forces of great, magnitude is proved by some of 
the simplest, facts of nature; for solids not, only do not ex¬ 
pand indefinitely like gases, but, it, often requires enormous 
forces to [mil their molecules apart,. Thus a roil of east steel 
l centimeter in diameter may he loaded wdth a weight of 
7.H tons before if will be pulled in two. 

* Thin t'hitj a it ftlu uiM he reot*< lt*i l hy a lulmmlnry experiment. in which Ituoke’s 
law !h itKcivcivil hy the pupil (W certain IthnlH <if lielWnuitiuu easily meummnt 
iu the ttttiuralury. See, for example, Experiment. Kl uf lliu authora’ mamtal. 

Kit 







Tim following an*. Urn weights in Kil<>*n ; mu-e.-nary 
break drawn wires uf different materials 1 s'piaiv n i i 1!i i t h*(. 
in cross suction, •the so-called ivlaliw- L'/meo'e* • I tin- win 1 


135. Elasticity. \Vc ran nblnin additional iulorumt nm abut 
the molecular forces existing in different substance'. In stud; 
mg wlnit happens when (lie. weights applied are imt lar>. 
-j— enough to break the. wires. 

Thus let a lung steel wire, fur example N-e jo.in»< ir 

bo suspended from a hunk in the ceiling, uiel i> i tin- Inwer n 
be wrapped tightly about uiie end of si mein .( mi., ,i nu !•’i>*. Ill 
Let a fule.rum <: be phieed in a in«l<■ h in (he te l. .U u di.tani 
uf about fi e.m. from the point of atl.iehnieul (•• lhr w n--, and t 
the other end uf the. stick be | mn ided w il h a k nil ting m-. die, m 
• end of which is opposite the \eiTmal miner ..-ah- .S !.,| enion; 
Weights he applied to the pan /’ I" pl.iuu lIn' wes- utnh-r hgi 
tension; then let the residing of (le- pi>inlm /• <m lie- mlr .s' j 
taken. Let or 1 kilogram weigh!, hr added .n>-h | 

the pan and the corresponding po-ulinn . m lie- p..nn*-i n-.n 
Thni let the readings be taken again a . tSi.• w. i ;hi . .u>- te .-r 
sively removed. In this lust operation <h«- pmot-i .nil jo.<i.. t I>j 
be found l.o come back e\acll\ f<* it . tii I j... sii.m 


Ij ]Vr“* .men!, of returning t.i it-, ore, 

j r i inal length when thr 11ip fldn 

[ || [ Weights ate t■ t■ i i i>I*, n 1, i , ,ui ilhe 

^ ( l'Ul iotl Ilf a ptoprt t \ p. I', 

Fm. 100. FiliisUe.it, y n| a steel j () a greater nr le , , <-\irUf }>\ a 

' V1U ’ solid bodies. It i, . ailed < Uiaih it\ 

136. Limits of perfect elasticity. If a sutlwirni h hug 
weight is tipplied to the end of ihr wire of Fig. (nu, it u j}f }, 
found that the, pointer does not ivlum run tU to it . origin; 
position wlmn the weight is renewed, We sat,, f hetefore, tlj;,> 
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steel is /icrfcctfj/ clastic only so loop as the distorting forces 
aiv kept, w ithin certain limits, and that., as soon as these limits 
arc overstepped, it no longer shows perfect elasticity. Differ¬ 
ent substances differ very greatly in (In; a,monnt of distortion 
which they can sustain before they show this failure to return 
completely to the original shape. 

137. Hooke’s law. 1 f we examine the stretches produced by 
the successive addition ol kilop - ram weights in the experiment 
of § Ido, Kip - . 1 Di), we shall lind that these stretches are all 
equal, at. least, within I hi' limits of observational error. Very 
carefully conducted experiments have, shown that, this law, 
namely, (hat (he successive application of equal forces pro¬ 
duces a succession of equal Ntrotehe.s, holds very exactly for 
all sorts of idastie displacements, so loop;, and only so loop-, 
as tin' limits of perfect elasticity are. not. overstepped. This 
law is known as /AWT* hut\ after the Rnplishnmn Robert 
Hooke ( Dido 1 703 ). Another way of stntinp this law is the 
following: Within the limits <>/ perfect claxticit // elastic dej'onna.- 
ti<i/is t>f ttnji Hurt, l"' tht\ii heists nr (truth nr stretches, arc direet/i/ 
Jirn/inrtinlhd fn tlit' fni'Ct'S pr<>d uciiltf t/ll'IIJ. 

138. Cohesion and adhesion. The prdee.dinp experiments 
have hronqhi old. the fact that in (he. solid condition, at least, 
molecules of the same kind exert, attractive forces upon one 
another. That molecules of unlike substances idso exert 
mutually attractive forces is equally true, as is proved by 
the fact, that pine sticks to wood with tremendous tenacity, 
mortar to bricks, nickel platinp to iron, etc. 

'The forces which hind like kinds of molecules together are. 
commonly called enhexirr forces; those, which bind together 
molecules of indike kind are called adhesiec forces. Thus wo 
say that nmeilnqe sticks to wood because of adhesion, while, 
wood itself holds together because of euhcsitni. Apaiu, adhe¬ 
sion holds the chalk to the blackboard, while, cohesion holds 
together the particles of the, crayon. 










104 


MOLECULAR FORCES 


139. Properties of solids depending on cohesion. Many of 
physical properties in which solid substances differ from t 
another depend on differences in the cohesive forces exist 
between their molecules. Thus we are accustomed to elas.*- 
solids with relation to their hardness, brit.t leness, duct ility, n 
Inability, tenacity, elasticity, etc. The last, two of these, tei 
have been suHieiently explained in the. preceding paragrap 
but since confusion sometimes a,rises from failure to underst; 
the first four, the tests for these properties sire here given. 

Wo test the relative hardness of two bodies by seeing' \vh 
will serat.ah the other, 'l'lnis the diamond is the hardest, of 
substances, since it scratches all others and is scratched by no 

We test the relative brittleness of two substances by see 
which will hvrt/cmosL easily under a blow from a hammer. T! 
glass and ice are very brittle substances; haul and copper arc 1 

We test the relative duet Hit// of two bodies by seeing wh 
can be drawn into (hr thinner wire. Platinum is the most, d 
tile of all substanc.es. If has been drawn into wires but ,l)t)i 
inch in diameter. (Hass is also very ductile whim sufiicieu 
hot, as may be readily shown by healing it. to softness ii 
Bunsen llume, when it. may be drawn into threads which 
so line as to be almost, invisible. 

We test, the relative ■malleabilitii of two substances by see 
which can ho hammered. info the thinner sheet, (odd, the m 
malleable of all sul>stunoos, has heeti hammered into she 
ii (umTTTo * U(, ’h ' u thickness. 

QUESTIONS AND PROBLEMS 

1. Why iu’c springs made of steel rather than of cupper V 

2. If a given weight in mpiired to break a given wire, U<>w m 
force is required to break two sueh wires hanging side by *dde? 1. 
much to break tine wire of twin* I,he diameter? 

3. What must, lie the cross section of a wire of copper if if is fo h 
the, same, tensile strength (that is, break with the Hiutu* weigh! ) a 
wire of iron 1 sq. nun. in cross section? 
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4. How many times groat,nr must, tho diameter of onn wire be than 
that, of another of the same material if it, is to have five times the tensile 
strength ? 

5. If the. position of the. pointer on a spring balance is marked when 
no load is on the spring, and again wlnm the spring is stretched with a 
load of 10 g., and if Urn space, between the two marks is then divided 
into ten equal parts, will e.aeh of these parts represent a gram? Why? 


Moleihj la it Korols in Liquids. Capillary Phenomena 

140. Proof of the existence of molecular forces in liquids. 
Tim futility with which liquids change their shape might lead, 
us to suspend, that t,lm moleeides oti kuc.1l substances exert 
almost no forces upon one another, but 
a simple experiment will show that this 
is far from true. 

By means of sealing wax and string let a 
glass plate be. suspended horizontally from onn 
arm of a balance, as in Fig. 101. After equilib¬ 
rium is obtained let a surface, of water be placed 
just beneath the plate and the. beam pushed 
down until contact is mailt 1 . II, will he. found 
necessary to add a considerable, weight to the 
opposite pan in order to pull the plate away from the. water. Since a 
layer of water will he. found to cling to the. glass, it, is evident; that tin* 
added force applied to the pan has been expended in pulling water 
molecules away from water molecules, not in pulting glass away from 
water. Similar experiments may be performed with all liquids. In the 
east 1 of mercury tin* glass will not, lie found to he wet, showing that', the 
cohesion of mercury is greater than the. adhesion of glass and mercury. 



Km. 101. Illustrating 
cohesion of water 


141. Shape assumed by a free liquid. Since, then, every 
molecule of a liquid is pulling on every other molecule, any 
body of liquid which is .free to take its natural .shape, that in, 
which is acted on only by its own cohesive forces, must draw 
itself together until it, has the smallest possible surface com¬ 
patible with it s volume ; for, since every molecule in tho surface 
is drawn toward the interior by the attraction of tho molecules 
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within, it is clear that molecules must coni iuually move toward 
the center of the mass until tin*, whole has reached (he most, 
compact form possible. Now the geometrical figure which has 
the smallest area, for a given volume is a sphere. We conclude, 
therefore, that if we could relieve a hod)' of liquid from (lie 
action of gravity and other outside, forces, it would a( once 
fake the form of a perfect sphere. This conclusion may he 
easily verified by the following experiment: 

Ld; alcohol be. added to water until a solution is obtained in which 
a drop of common luhricaUny oil will IIoat at any depth. Thou with a 
pipette, insert a larye. globule of oil beneath the .surface. The oil will lie 
seen to (lout hk a perfect sphere, within the body 
of the liquid (Fin'. 102). (I hi less the drop is 
vie.wed from above, flic vessel should have 
Hat rather than cylindrical sides, otherwise the 
curved surface of the. waiter will act. like a lens 
and make tlus drop ap/irur flattened.) 

The reason that liquids are not. more 
commonly observed to fake, the spherical 
form is that ordinarily the force of gravity is so large as to 
bo more inlluenfial in determining lheir shape than arc the 
cohesive forces. As verification of this statement we have 
only to observe that as a hotly of liquid becomes smaller 
and smaller, • that is, as the gravitat ional forces upon it. 
become less and less, ■ • if docs indeed lend more and more 
to take the spherical form. 'Pirns very small globules of mer¬ 
cury ou a table will he found (o he almost, perfect, spheres, 
aiul raindrops or minute Jhxtthuj particles of all liquids are 
quite accurately spherical. 

142. Contractility of liquid films; surface tension. The tend¬ 
on, c.y of liquids to assume, (ho smallest, possible surface fur¬ 
nishes a simple explanation of the. contractility of liquid films. 

Let a soap bubble 2 or M inches in diameter In* Mown on ilu* howl 
of a pipe, and then allowed to stand. It will at once begin to shrink 
in si/.e and in a few minutes will disappear within the howl of the pipe. 


5&* i 

Fm. 11 ej. Spherical 
"lulmle of oil, freed 
from art imi of gravity 
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Tin? liquid of tin* lmlilili*. is simply obeying Urn tendency to reduce its 
surface to a minimum, a tendency which is due only to the mutual at¬ 
tractions which its molecules exert upon one another. A candle flame 
held opposite the opening in the stem of the pipe will be deflected by 
the. current, of air which the contracting bubble is forcing out through 
the. stem. 

Again, let a loop of hue thread In*, tied to the edge of a wire ring, as 
in Fig. 10U. Let the ring he dipped into a soap solution so as to forma 
iilm across it, and then let a hot wire be thrust through the film inside 
tin*, loop. The tendency of tin*, film outside of the loop to contract will in¬ 
stantly snap end’, the. t,bread into a perfect circle (Fig. 104). The reason 
that the thread takes the circular form is that since the Iilm outside the 



loop is striving to assume the smallest possible surface, the area inside 
the. loop must, of course heroine as large, as possible. r l , hc circle is the 
lignrn which has the largest possible area for a given perimeter. 

Let a soap Iilm he formed across 1,1m mouth of a clean 2-imdi lunnel, 
as in Fig. I OH. The tendency of the Iilm to contract will be sulheient 
to lift its weight against the. force of gravity. 

The tendency of a liquid to reduce its exposed surface to a 
minimum, I,hat is, the tendency of any liquid surface to act like 
a stretched elastic membrane is called surface tension. 

143. Ascension and depression of liquids in capillary tubes. 
It, was shown in Chapter II that, iu general, a lupud stands 
at the same level iu any number of communicating vessels. 
Tho following experiments will show that this rule ceases to 
hold in tho ease of tribes of small diameter. 
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Ltvb a series of capillary tubes of diameter varying In mi 2 mm. to .1 mu 
be arranged as iu Fig'. l(Hi. 

When water is poured into the vessel if will be Intiiul to rise liiglu 
in the tubes than in the vessel, and if will he seen that the sinallr 
the tube the greater the height in which if rises. 

If the water is replaced by mercury, however, the 
effects will he found to be just; inverted. The mer¬ 
cury is depressed in all the tubes, the. depression 
being greater in proportion as the. tube is smaller 
[Fig. 107, (1)]. This depression is most, easily ob¬ 
served with a U-fube like that shown in Fig. 107, (2). 

Experiments of this sort, have established jjrjj}! 
the following laws: 


1. JAquirfs rise in capillary tubes when they Fm. toil. Wise t 
are capable of-iediint/ them, hat are depressed *’'l"ids^iim apill.u 
in tuber which the if do not wet. 

2. The deration in the one rase and the depression in (h 
other are inrrrsdy proportional to the diameters of the tide's. 


It will be noticed, too, that when a liquid rises, its surfae. 
within the tube, is eone.ave, upward, and when it. is dopresse 
its surfae,e, is convex upward. 

144. Cause of curvature of 
a liquid surface in a capillary- 
tube. All of l,lie effects pre¬ 
sented in the last, paragraph 
ean he explained hy a eon- 
sideration of rohesive and 
adhesive, forees. However, 
throughout the explanation 
we must keep in mind two 
familiar facts: lirst, that the surface of a bo,Ip ,f /eater id res 
for e.mtnple. a. pond , m at rii/ht anyirs (<> the result ant fore, 
that is , pranitp, which ads upon it; and second, that, the fon 
of (jramty ademj on, a 'minute amount of i'apdd is neyiiyiblr i 
comparison 'with its own, no lies ire farce (see, § hi l ). 


(I) M 



Km. 107, l>eprc.-,doii of mercury i 
capillary lubes 






moleoulae fokces m liquids 


109 


Consider, Mum, a very small body of liquid close to the 
point o (Fit>,\ 108), where water is ill contact with the glass 
wall ot the tube.. Let. the quantity of liquid considered be 
so minute that the lorce of gravity acting upon it may be 
disregarded. 'Hie force of adhesion of the wall will pull the 


E+z 







Fm. 108 Flo. 10!) 

<tmdil,iun Cor elevation of a liquid near a wall 


liquid particles at a in the direction ohJ. 'The force of cohesion 
of flic liquid will pull these same particles in the direction oh'. 
The resultant of these two pulls on the liquid at o will then 
be represented by oil (Fig. 1.08), in accordance with the paral¬ 
lelogram law of Chapter V. If, then, the adhesive force oE 
exceeds the cohesive force oh\ the direc¬ 
tion oil of the resultant force will lit*, to 
the left of the vertical am (Fig. 109), 
in which ease, since the surface of a 
liquid always assumes a position at 
right angles to the resultant force, it 
must rise up against the wall as water 
does against glass (Fig. 109). 

If the cohesive force oh' (Fig. 11.0) is 
strong in comparison, with the adhesive 
force ohJ, the resultant a It will fall to the right of the ver¬ 
tical, in which ease the liquid must be depressed about o. 

Whether, tlum, a, liquid will rise against a solid wall or bo 
depressed by it will depend only on the relative strengths of 
the adhesion of the wall for the liquid and the cohesion of the 



Ft«. 110. (Jnndillon lor 
I,lie dojumsiou of a liquid 
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liquid for itself. Since mercury (loos not wet, j^lass, wo know 
Unit oohosion is horo, relatively strong, and wo should export, 
therefore, that the mercury would be depressed, as indeed we 
find it to be. 'The fact that wafer will wet. glass indicates (bat 
in this ease adhesion is relatively strong, and lienee we should 
expect wafer to rise against the walls of the containing vessel, 
as in fact it does. 

If is (dear that a liquid which is depressed near the edge 
of a vertical solid wall must assume within a tube a surface 
which is aoniH'j. up/tuml, while a liquid which rises against a 
wall must, within such a tube be cmavov- upiiutnl. 

145. Explanation of ascension and depression in capillary 
tubes. As soon as the curvatures just mentioned are produced, 
the concave surface <mh (Fig. 111) tends, by virtue of surface 
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A concave nu'iiiw.iiH causes a rise 
in capillary tube 
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tension, to straighten out into the Hat surface nuh. Hut it. no 
sooner thus be,gins to straighten out than adhesion again ele¬ 
vates it at the edges. It will he seen, therefore, that the liquid 
must continue to rise in the tube until the weight, of the. vol¬ 
ume of liquid lifted, namely amnh (Fig. llli), balances the 
tendency of the surface <u>h to flatten out. That, tlm liquid 
will rise higher in a small tube than in a large one is to be 
expected, since the weight of the. column of liquid to lie sup. 
ported in the small tube is loss. 
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Similarly, the convex mercury surface aob (Fig. 113) falls 
until the upward pressure at o, due to the depth h of mer¬ 
cury (Fig. 114), balances the tendency of the surface aob to 
llaffcn out. 

146. Capillary phenomena in everyday life. Capillary phe¬ 
nomena play a very important part in the processes of nature 
and ol everyday lile. Thus the rise of oil in wicks of lamps, 
the complete walling of a towel when one end of it is allowed 
to stand in a basin of water, the rapid absorption of liquid by 
a lump of sugar when one comer of it only is immersed, the 
faking up of ink by blotting paper, are all illustrations of pre¬ 
cisely the same phenomena which wo observe in the capillary 
tubes of Fig. 10(1. 

147. Floating of small objects on water. Let a needle be laid 

very rurcfully on the surface of a dish of water. In spite of the fact 
that it is nearly eight times as dense as water it will 
he found to lloat. If the needle has been previously 
magnetized, it may be made to move about in any 
direction over the surface in obedience to the pull of 
a magnet held, for example, underneath the table. Pm. 115. Cross 

lo discover the cause ol this apparently nn- Jloaliug uoe dle 
possible phenomenon, examine closely the sur¬ 
face of the water in the immediate neighborhood of tlic 
needle. It will ho found to be depressed in tbe manner 
shown in Fig. 115. This furnishes at once tlie explanation. 
So long as the needle is so small that its own weight is no 
greater than the upward force exerted upon it by the tend¬ 
ency of the depressed, (and therefore concave) liquid surface 
to straighten out into a Hat surface, the needle could not 
sink in the liquid, no matter bow great its density. If the 
water bad wet the needle, that is, if it had risen about 
the needle instead of being depressed, the tendency of the 
liquid surface to Hatton out would have pulled it down into 
the liquid instead of forcing it upward. Any body about 
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which a liquid is depressed will therelore Heat on tlit' surhu 
of the liquid if its mass is not too great. Even il tin- liqui 
tends to rise about a body when if is period.ly clean, an in 
perceptible film of oil upon the. body 
will cause it to depress the liquid, and 
hence to lloal. 

The above experiment explains (he 
familiar phenomenon of insects walk¬ 
ing and running on the, surface of water ( Rig. 1 lii) in uppa 
ent contradiction to the law of Archimedes, in accordant 
with which (hey should sink until (hey displace (heir o\\ 
weight of the liquid. 

QUESTIONS AND PROBLEMS 

1. Shot tire mint', by pouring molten lead (-1 1 nut;* 1 1 a sieve <m ( 
of a fall towel- and catching if in wafer af Ihe botlom. Why are lit 
spherical ? 

2. Would mercury ascend a lump wiek us oil and water do? 

3. If wafer will rise 32 cm. in a fuhe .1 mm. in diameter, how hi; 
will i.t rise in a fulm .01 nun. in diameter? 

4. Candle grease may be removed from clothing by revering 
■with blotting pajier and Mien passing a hot llutiron toer the pap 
Explain. 

5. Why does a small stream of water break up into drops node 
of hilling as a eonfinumis (.bread? 

6. Why will a piece of sharp cornered glass become rounded uh 
heated to redness in a Bunsen (lame? 

7. The. leads for pencils are made by subjecting powdered graph 
to enormous pressures produced by hydraulic machine.. Explain ie 
the pressure changes the powder to a coherent, mass, 

8. Float two matches an inch apart. Touch the water hetwr 
them with a hot wire. The matches will spring apart. What, does t! 
.show about the effect, of temperature on .surface lemdon? 

9. Repeat the. experiment, touching tin* water w it h a wire moistej 
with alcohol. What do you infer as to the relative am face ten dons 
alcohol and water? 

10. Rub a little soap on one end of half a toothpick and lav it upon I 
surface of a large vessel of clean still water. Explain the observed moth 



Em. I It!. Insert walk it 
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Absorption op (tasks by Solids and Liquids 

148. Absorption of gases by solids. Let a large test tube be 
filled with ammonia gas by beating aqua ammonia and causing the 
evolved gas to displace meretvry in the tube, as in Fig. 117. Let a 
piece of charcoal an inch long 
and nearly as wide as the tube 
be heated to redness ami then 
plunged beneath flu* mercury. 

When if is cool let if be. slipped 
underneath the. mouth of the. 
test fubi*. and allowed to rise into 
the: gas. The mercury will be 
seen to rise, in the tube, as in 
Fig. 11.S, thus showing that flu*, gas is being absorbed by the charcoal. 
If the. gas is unmixed with air, the mercury will rise to the very top of 
the tube, thus showing that all the ammonia has been absorbed by 
the charcoal. 



This property of absorbing gases is possessed to a notable 
degree by porous substances, sucli as meerschaum, gypsum, 
charcoal, etc., especially coconut charcoal. It 
is not improbable that fill solids hold, closely 
adhering to their surfac.es, thin layers of the I jffl 

gases with which they are in contact, and that U|j|| 

the prominence, of the phenomena of absorp- ■HI 

tion in porous substances is duo to the great III 

extent, of surface possessed by such substances. 

That the same substance exerts widely 
different attractions upon the molecules of 
different gases is shown by. the fact that o^^m.monhi 
charcoal will absorb 1)0 times its own volume gas by charcoal 
of ammonia gas, 85 times its volume of car¬ 
bon dioxide, and but 1.7 times its volume of hydrogen. The 
usefulness of charcoal as a deodorizer is due to its enormous 
ability to absorb certain kinds of gases. 

149. Absorption of gases in liquids. Lot a beaker cnntatqttrg 
cold water bo slowly heated. Small bubbles of air will be seen to collect 

* HUNT UBRMff „ 

CMtHEGIE-MULON MWEBSIK 
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in great numbers upon 1,1 h 1 walls and in rise through the liipiid in II 
surface. r [’hai they am indeed Imlildi's nl‘air and uofot steam is prov< 
lirsi by the fart ihai ilmy appear when ilie femper- 
aiure. is far below boiling, and second by Uie laei I hat. 
ilmy do lit>i condense as ilmy rise into ilw higher 
and e.onle.r layers of I.Im wafer. 

The experiment shows fwo things: lirsi, 

Limb water ordinarily contains considerable 
quantities of air dissolved in it; and second, 
that the amount of air which water can hold 
decreases as the temperature rises. The first, 
point is also proved by the existence of lish 
life; for tislies obtain the oxygen which they 
need to support life, not, immediately from the 
water, hut from the air which is dissolved in it. 

The amount of gas which will he absorbed 
by water varies greatly with the nature of the 
gas. At 0° (b and a pressure of 7li centimeters 
1 cubic centimeter of water will absorb lOfdi cubic, cent 
meters of ammonia, 1.<S cat hie. centimeters of carbon diox id 
and but .04 cubic centimeter of oxygen. Ammonia itself is 
gas under ordinary conditions. The commercial aqua ammon 
is simply ammonia gas dissolved in water. 

The. following experiment illustrates the absorption < 
ammonia hy water: 

Lei; the. flask F( Fig. Ill)) and tube /die filled with aiuimudii by passu; 
a iiiinviiti of flm gas in af a and mil, through h. Then lei a be enrki 
up and b thrust, into (!, a flask nearly filled with water v.hirh has be< 
colored slightly veil hytim. addition of litmus and a drop nr lwn of aei 
As the ammonia is absorbed I,he. water will slowly rise in /<, and us sm 
as it reaches F it will rush up very rapidly until the upper Hash 
nearly full. At the same time the color will change fr<un red to till 
because of the action of the ammonia upon the litmus. 

Experiment; shows that, in oocry caxr of dbxorytion of a //. 
by a liquid or a solid , Ike quantity of yax <dix»rlnui dnmtxrx W 
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<m iNi'i’edxt’ in tanpt'vaiu)'t‘ -a result which was to have been 
exported from (lie kinetic theory, sinoe increasing the, molec- 
ular velocity must, ol course increase, the difiieulty which tlio 
adhesive forces have in retaining the gaseous molecules. 

150. Effect of pressure upon absorption. Soda water is ordi¬ 
nary water which has been made to absorb large quantities of 
carbon dioxide gas. This impregnation is accomplished by 
bringing the, water into contact with the gas under high 
pressure. As soon as the pressure is relieved the gas passe,,s 
rapidly out of solution. This is the cause of the characteristic 
effervescence of soda water. These fads show clearly that the 
amount of carbon dioxide which can be absorbed by wafer is 
greater for high pressures than for low. As a matter of fact, 
earelul experiments have, shown that the a,mount of any gas 
absorbed is directly proportional to the pressure, so that if 
carbon dioxide under a pressure of 10 atmospheres is brought 
info contact with wafer, fen times as much of the, gas is ab¬ 
sorbed as if if had been under a pressure of 1 atmosphere. 

QUESTIONS AND PROBLEMS 

1. (lapillary action in much more effective in bringing moisture, to the 
surface in tightly packed soil than in loose soil where the spaces between 
the earth particles are much greater. Why, then, is it advantageous to 
crops to keep the surface loose, (dry farming)? 

2. Why do fishes in an aquarium die if the water is not frequently 
renewed ? 

3. Kxplaiu the apparent generation of ammonia gas when aqua 
ammonia is healed. 

4. Why in the experiment illustrated in Fig. 115) was the (low so much 
more rapid afier the water began to run over into /<’? 

5. I low can you tell whether bulbles which rise, from the bottom of 
a vessel which is being heated arc bubbles of airier bubbles of steam? 







CHAPTER YU 

THERMOMETRY; EXPANSION COEFFICIENTS* 
Tiiiormomiotuv 

151. Meaning of temperature. When a body foals hoi to (ho 
touch we are accustomed to say that it. has a h'ujh tcm/>rri((un\ 
and when it feels cold that it has a loir trniprnthirr. 'Thus the 
word " temperature” is used to denote the. condition of hotness 
or coldness of the body whose state is being described. 

152. Measurement of temperature. So far as wo know, up to 
the time of (Jalileo no one had ever used any special instrument 
for the measurement of temperature. People knew how hot. 01 
how cold it was from their feelings only. Hut. under some con¬ 
ditions this temperature souse is a very unreliable guide. Eoi 
example, if the hand has been in hot. water, tepid water will 
feel cold; while if if has been in cold water, the same tepid 
water will feel warm ; a room may feel hot. to one who has been 
running, while if will feel cool to one who has been sitting still. 

Difficulties of this sort have, led to the introduction in 
modern times of mechanical devic.es, called tht'nnt»nrta% fm 
measuring temperature. These instruments depend for limit 
operation upon the fact that practically all bodies expand ah 
they grow hot. 

153. Galileo’s thermometer. It, was in Iff,hi that (iulileo. 
at the University,of Padua in Italy, constructed the first 
thermometer. lie was familiar with the. facts of expansion 

♦It is mumunondod that this chapter li« preceded hy laboratory m.-uMiim 
mmitH on tlm expannionH of a kum ami a solid. Him, for example, Kxpi*Hm««nU H 
and 15 of the an thorn ’ manual. 
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of solids, liquids, and gases; and since gases expand more 
than solids or liquids, he chose a gas as his expanding 
substance. 11 is device was that shown in 
Fig. 120. 

The relative hot,ness of two bodies was 
compared by observing which one of the 
two, when placed in contact with the air 
bulb, caused the liquid to descend farther 
in the stem >S'. As a matter of fact, baro¬ 
metric as well as temperature changes cause 
changes in the height of tin*, liquid in the 
stem of such an instrument, but Galileo docs Em. .120. Galileo’s 
not seem t.o have been aware of this fact. ihonnomotei 

It was not, unt.il about, 1700 that mercury thermometers 
were*, invented. On account of their extreme convenience 
these, have now replaced all others for prac¬ 
tical purposes. 

154. The construction of a centigrade mer¬ 
cury thermometer. 'The meaning of a degree 
of temperature change, is best understood 
from a, description of the method of making 
and graduating a mercury thermometer. 

A bulb is blown at. one end of’a piece 
of thick-walled glass tubing of small, uni¬ 
form bore,. Bulb and tube are then tilled with 
mercury, at, a temperature slightly above the 
highest temperature for which the thermom¬ 
eter is to lx*, used, and the tube is sealed m,;. mi. Method 
off in a hot Hume. As the mercury cools, it ot finding iho 0° 
eon tracts and falls away from the top of the 1 10 i n j ^ o ^ j, h o i 
tube, leaving a vacuum above it. 

The bulb is next surrounded with melting snow or ieo, as in 
Fig. 121, and the point at which the mercury stands in the tube 
is marked 0°. Then the bulb and tube are placed in the steam 
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rising from boiling water, as in Fig. Ill-, and Ilu* new position 
of Hit; mercury is marked I()0 U . "J'In* span 1 between these two 
murks on the stem is then divided into lfM) equal parts, and 
divisions of the saint; length are extended 
above the 100° mark and below (lit 1 0” mark. 

One th'(/n'i‘. of change in temperature, meas¬ 
ured on sueli a thermometer, means, then, 
such a temperature change as will cause the 
mercury in tlu; stem to move over one of 
these divisions; that is, it, is such a tempera¬ 
ture change as will cause mercury contained 
in a glass bulb to expand I( ‘ l0 of the amount 
which it expands in passing from the temper¬ 
ature of melting ice to that of boiling water, 

A thermometer in which the scale is divided in 
this way is ealled a eentigrade thermometer. 

Thermometers graduated on the centigrade 

seale are used almost, cxelnsivelv in seieii ,, . 

low. nr.;. Mriiimi 

title, work, and also for ordinary purposes in* <.f liniiim- m,. mu 
most countries which have adopted the metric I 1 "'" 1 1,1 - l lt ><c 
system. This scale was first devised in 171- 
by deisms, of Upsala, Sweden. For this reason it is some¬ 
times e.alled the (kdsius instead of (he centigrade scale. 

155. Fahrenheit thermometers. The common household 
thermometer in Fugland and (lit; United States differs from 
the eentigrade only in the maimer of its graduation. In its 
const ruction the temperature! of milting ice is marked b:T 
instead el 0°, and that, of boiling water 21*2’' instead of ItMl", 
The intervening .stem is then divided into iNil parts. The 
zone ol this scale is the temperature obtained by mixing equal 
weights ol sal ammoniac (ammonium chloride) and snow. In 
1/ 14, when h ahrenlicit, ol 1 )au/.ig, (iernmuy, devised this scale, 
he chose this zero because'he thought it represented the lowest 
possible temperature, that is, the entire absence, of heat. 
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156. Comparison of centigrade and Fahrenheit thermome¬ 

ters. From the methods of graduation, of the Fahrenheit 
and centigrade thermometers it will be scon that 100° on the 
centigrade scale denotes the same difference G F 

of temperature as 180° on the Fahrenheit h S 

scale ( Fig. 1 28 ). 11 cnee, one Fahrenheit de- 

. . too . , 21Z 

give is equal to live, ninths of a centigrade do"•- ... ; m - 

degree, and one centigrade degree is equal so'; — | m° 

to nine fifths of a Fahrenheit degree, lienee 70 "• | 

to red nee front lhr Fahrenheit, to the rent/- 6 V • m a 

’ , , GO ■ •• •, 122 

tirade seale, first jin<l lane \man)/ Fahrenheit . /0 " .... \ l0i a 

drt/rees the //men temperature in above or helow so"- ; so 0 

thej'reeziin/ temperature, and then nenlti/)/// hi/ 2 ° a . '' ■ 

fire n in (hr. 10 ' i m 

‘ ( # 0 ■ - • : A3 

ro miutu 1 from. tuuitijirtuh 1 to Fahrnlu'it, ... • 

ft rut multi ph/ hi/ nine jift hr in order to fend lane -lmy- J • o° 

man;/ Fahrenheit det/rees the t/ieen lem/tern- I I 

(are is above or hehne the frees! nt( temperature. l||| (|p 

Kianeintj lane far it is front the freesin// /toint, jo ; > 'rim r.cu- 

i(. trill he rerj/ east/ to find lane Jar it, is from i.ijuTiwli'.iuulFalmm- 
0" irhieh, is 82" hehne the freezin;/ /mint. luiil, scales 

157. The range of the mercury thermometer. Simas mer¬ 
cury free/.es at ■ 80" ( h, temperatures lower than this arts very 
often measured by mraaso \' ahsdiol thermometers, for flits freez¬ 
ing point of alcohol is '12U"(h Similarly, since the boiling 
point, of mercury is 8l>0" (!., mercury thermometers cannot he 
used for measuring very high temperatures. For both very 
high and very low temperatures, in fact for all temperatures, 
a//mt thermometer is the standard instrument. 

158. The standard hydrogen thermometer. Idle modern gas 
thermometer (Fig. 121) is, however, widely different front 
that devised hy ({a.lileo (Fig. 120). It is not usually the in¬ 
crease in (.lie volume of a gas kept under eonstanl pressure 
width is taken as tins measure of temperature change, but; 









catlier the increase in pressure which the. molecules of a 
confined gas exert against the walls ot a vessel whose vol¬ 
ume is kept constant. The essential features oi (hi* method ol 
calibration and use of the standard hydrogen thermometer at 


the International liureau of Weights and 
Measures at Paris are as lollows: 

The bulb .Z?(Fig. 121) is first tilled with hydro¬ 
gen and the space above the mercury in i lie tithe a 
made as nearly a perfect vacuum as possible. II is 
then surrounded with melting ice (as in Fig. 121 ) 
and the tube a raised or lowered until the mer¬ 
cury in the arm h stands exactly opposite tin* fixed 
mark c on the tube. Now, since tin* space above D 
is a vacuum, the pressure exerted by the hydrogen 
in B against the mercury surl'iiee at r just sup¬ 
ports the mercury column IIP. The point l> is 
marked on a strip of metal held ml the tube a. 
The bulb B is then placed in a steam hath like 
that shown in Fig. 122. The increased pressure 
of the gas in B at once begins to forts' the naw 
cury down at c and up at IK lint, by raising the 
arm a the mercury in h is furred hark again to r, 
the increased pressure of (he gas on the surfaee 
of the mercury at r being balanced by the in¬ 
creased height of tin 1 mercury column supported, 
winch is now IlF instead of I'll). When the gas 
in B is thoroughly heated to the temperature of 
the steam, the arm a is very carefully adjusted 
so that the mercury in h stands very exuetly at. r, 
its original level. A second mark is Mien placed on 



Fiii, litb The>.lnml 
ai'd me* thermometer 


the metal strip exactly opposite the new level of Die mercury, that, is, 
at F. D is then marked and F is marked UlO'C. The verlietil 

distance between these marks is divided into lot) exactly npial purls. 
Divisions of exactly llm same length are carried ubo\e the loir mark 
and below the 0" mark. One degree of change in lemt.er.itare is then 
defined as any change in temperature which will muse dm pressure 
of the gas in II to change hy the. amount represented by Dm distance 
between any two of these divisions, 'fins distance is found p, be 1 of 
the height ED. y 1 a 
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In other words, one degree, of change in temperature is such 
a temperature change as will cause the pressure exerted by a 
confined gas to change by of its value at the temperature of 
•melting ice (0° ().). 

159. Absolute temperature. Since, then, cooling the hydro¬ 
gen through 1° 0., .as defined above, reduces the pressure ~r 
of its value at 0° ( 1., it is clear that cooling it 273° below 0° G. 
would reduce its pressure to nothing. But from the stand¬ 
point ol the kinetic, theory this would be the temperature at 
which all motions of the hydrogen molecules would cease. 
This temperature is called, the absolute zero and the temper¬ 
ature measured from this zero is called absolute temperature. 
Thus, if .1 is used to denote the absolute scale, we have 
ini. 273" A., 1 00°( 1. « 373° A., 15° C. = 288° A., etc. It 
is customary to indicate temperatures on the centigrade scale 
by t, on the absolute scale by T . We have then 

7'^+ 273. (1) 

160. Comparison of gas and mercury thermometers. Since an inter¬ 
national committee has chosen the. hydrogen thermometer described in 
$ loH as tin* standard of temperature measurement, it is important to 
know whether mercury thermometers, graduated in the manner described 
in § Lfi l, agree with gas thermometers at temperatures other than 0° and 
100°, where, of course, they must agree, since these temperatures arc in 
eac.ii case (be .starting points of the graduation. A careful comparison 
has shown that although they do not agree exactly, yet fortunately the 
disagreements at ordinary temperatures are small, not amounting to more 
than .3" anywhere between (fund lOO". At d()() 1 ’ (!., however, tin*, differ¬ 
ence amounts to about '1". (Mercury thermometers are actually used for 
measuring temperatures above the boiling point of mercury, d 00° C. They 
are tlmu filled with nitrogen, the. pressure of which prevents boiling.) 

Hence for all ordinary purposes mercury thermometers are sufficiently 
accurate, and no special standardization of them is necessary. But in all 
scientific, work, if mercury thermometers are used at all, they must lirst 
be compared with a gas thermometer and a table, of corrections obtained. 
The errors of an alcohol thermometer are considerably larger than those 
of a mercury thermometer. 





122 TIIEIUIOMKTUY ; KXTANSinN t’OKh’Kir 1 KNTS 


161. Low temperatures. The absolute zero of temperate 
will, of course, never he attained, hul. in recent years rap 
strides have, been nine It 1 toward it. I'\>rly tears ayn the |u\ 
e.st temperature which had ever been measured was I |()"( 
the. temperature attained hy Idiraday in lSh) h\ raiisim;- 
mixture, uf ether and solid earhoii dioxide to evaporate' i 
u vacuum. lint, in ISNO air was tirst liquefied, and loutu 
by means of a, "-as tlienuoiiH'ter, (o have a temperature < 
— IStrtl. When liquid air e\'apora(cs into a. space wide 
is he.pl, exhausted hy means of an air pump, its teiuperalut 
fulls to about, decently htdrnqvu has heeu liqm 

lied and found to have. a, temperature at atinospherie pressiu 
of - - iMd" (All of these temperatures ha\e heeu measure 



hy means of hydrogen thennomelers, 1 ’»\ 
allowdne - liquid hydroyeu to evaporate into 
a, span 1 , kept, exhausted hy an air pump, 
Dewar in ISKH) attained ;i lemperalure 
of !2(iO". In lull Ivumerlinyh < times 
liquefied helium and attained a tempera¬ 
ture of • ■ "27 1 only 1.7“ above ahsu 

lute zero (see § Dll ). 

162. Maximum and minimum tlmrmmndiUM. In 
all weal,her bureaus the lew rst, temperature reached 
duriny tile niyht, and the hiyhesl. temperat ure 
reaclu'd tin ei ny the day, are a iilmual ienII\ ivciudrd 
hy a special device railed a maximum and mini 
in nut thermometer. The construction id one form 
of this instrument is shown in Id;; - . The 

bulb ,1 and the stem down In tin* point. <! aie 
tilled with alcohol, I'mm O' lo l\ I lie stem u lill.-d 
\vil,h mercury, while the liipiid almse /; j :; araiu 
alcohol. The hulli 1> eonlainc, onl\ alcohoi and 



its vapor. The. two indices d and (' inmouilh ..!i-> 1 1 1 liiclion in It 


stem. As the temperature falls, (lie alenlml in .1 mulim-i i and the urn 


c.ury pushes up the index mi Ihr riyhl and b-a\>-, ii oppn.ih- the mar 
r.orrespondi nu to the lowest t,e nine rati ire readied. A:, the ii-iniirralui 
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rises, tin* alcohol in ,1 t-xjntmls and the mercury pushes up (.lie index 
('ll the li'I'l, and leaves il, opposite I,la* mark corresponding to the 
liig'her.l, lemperaUuv reached. In order to obtain the rise'll 1. amount id’ 
friction, a small steel spring is attached In the indices, as in A'. After 
ca<di observation the nhserver jailis the index hack to contact with the 
mercury by means of a small magnet. 

QUESTIONS AND PROBLEMS 

1. Normal room temperature is US" F. \Vhat is it. centigrade V 

2. Tlie normal temperature, of the human, body is OS.-l" F. What, is 
it centigrade V 

3. What temperature centigrade corresponds to O” F.? 

4. Mercury freezes at, -- IO‘F. Wluil, is this centigrade ? 

5. The temperature of liquid air is -- 1 SO"(!. Whirl, is if Fahrenheit,''' 

(i. The lowest, temperature, attainable by evaporating liquid helium 

is — 271.1” (h What is if Fahrenheit? 

7. What, is the absolute zero of temperature on the Fahrenheit scale ? 

B. Why is a fever thermometer made with a very long cylindrical 
bulb, instead of a spherical one? 

9. When the. bulb of a thermometer is placed in hot wafer, if at 
first, falls a trille and then rises. Why? 

10. How does the distance bet,ween flu* 0" mark and the 100" mark 
vary wit h I he size of I he bore, the size o.f the bulb remaining the same V 

11. What, is meant, by t he absolute zero of temperature ? 

12. Why is t he tempera,t,ure. of liquid air lowered if it, is placed under 
the receiver of an air pump and the air exhausted? 

13. Two thermometers have bulbs of equal size. The bore of one 
Iuh a diameter twice that, of the other. What are the relative lengths 
of the stems bet,ween O' a,ml 100'? 

KiX 1 • A NSI()N ( h >KKKiel F.NTS 

163. The laws of Charles and Gay-Lussac. Whan, as in the. 
experiment described in ^ lf>tt, \ve. keep Uie volume of a gas 
constant and observe, (.lie rake al, which the pressure, increases 
with rise iu temperature, we obtain (hr prepare rocjjirirnt. of 
rxpa union, irhirh ih (Ujhu'rl an (hr ratio hrlinrcn, (hr iurrranr in 
prmnarr per dri/rrr run/ (hr ralar. oj (hr prmnarr al 0" (!. d his 
was first done for different gases by a Krtmelmtan, (diaries, 
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in 1787, who found that, the. pressure coefficients <ffi expansion of 
all gases are the same. This is known as the law of (diaries. 

When we arrange the experiment so that the. gas can expand 
as the temperature rises, the pressure remaining constant, we 
obtain the volume coefficient of expansion, which is defined as the 
‘ratio between the increase, in volume per degree and the total vol¬ 
ume of the gas at 0°6 r . This was lirst done for different, gases in 
1802 by another Frenchman, Gay-Lussac, who found that ad 
gases have the same volume coefficient of expansion, t his coefficient 
being the same as the pressure e.oeflieient, namely 1 /27m This 
is known as the law of Gay-Lussac. 

From the definition of absolute temperature and (Miarles’s 
law we learn that for all gases at, const,ant, volume, pressure is 
proportional to absolute temperature ; that, is, 


Also from Gay-Lussac.’s law wo learn that- for all gases at, 
constant pressure, volume is proportional to absolute temperature ; 
that is, ,, 


ircssure, temperature, and voh 


Any one of these six quantities may be. found if the other 
live are known. 

If the volume remains constant,, that, is, if J' t r„, equation 
(4) reduces to (2); that is, to Charles’s law. If the pressure 

*If this is not dour to th« student, lot him recall tlmt if (he speeds of two 
runnors arc tho samo, than their distances lire proportional to their limes, 
that is, D\/Di ~ t\Jli\ but if their times are the same ami the speeds different, 
I)i/J).> ~ V%- W now one rims both twice as fast, and twice us long, be evidently 
goes i times as far, that is, If time and speed both vary, l)\/lh hHfhH' 
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remains constant, l\ - - and eepiation (4) reduces to (4); tliat 

is, (o (hiy-Lussac. s law. It' Uu*. temperature does not change, 
7 ’r •. 7; and equation (4') reduces to :i\r x = J\,V a ; that is, to 
Boyle s law. II the relation of densities instead of volumes are 
sought, if is only necessary to replace. J; 1 in (3) and (4) by Zi. 

QUESTIONS AND PROBLEMS 

1. \\ 1ml. fractional parted the air in a room passes out when the air in 

it, is heated from ■ - l;V’(k to 20"(k? ( — 15"(k : : 258" A.; 20° (k ~ 203°A.) 

2. Why is if unsafe to let a pneumatic! inkstand like, that of Fig. 32, 
p. remain in the sun? What changes will occur in the, volume of 
the conlined gas if if is heated front 15° (k to •l()°(h? 

3. To wind, temperature must a cubic foot of gas initially at 0"(k 
he raised in order to double its volume, the pressure remaining constant? 

4. If the air within ahieyele fire is under a pressure of 2 atmospheres, 
that is, 1.V2 cm. of mercury, when the temperature is ll) 1 ’ (!., what pressure 
will exist within the tube when the temperature change's to 35°(k? 

5. If the pressure to which In ee. of air is subjected changes from 
Tli cm. to ’Idem., the temperature remaining constant, what does its 
volume' bee-omeV (See' Boyle's law, )>. 35.) If, then, the temperature. of 
the same 1 gas eduinges from 15"(k to 100° (!., the pressure remaining 
constant, what will be the final volumeV 

6. If flu' volume of a gas at 20" (k and 70 cm. pressure is 500 ce.., 
wind, is its volume at 50" (k and 70 cm. pressure.? 

Expansion op Liquids and Solids 

164. The expansion of liquids. The expansion of liquids 
differs from that, of gase's in that, 

1. The, eoollioioiits of expansion of liquids arc all con¬ 
siderably smaller (ban those, of gases. 

2. Different liepiids expand at wholly different rates; for 
example, (he coefficient of alcohol between 0° and. 10° (1. is 
.0011 ; of ether it is .0015; of petroleum, .0009. 

3. The same liquid often has <lilTe.re.nli e.oe.nioinnfs at differ¬ 
ent temperatures; that is, the expansion is irregular. 'Thus, 
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if the coefficient of alcohol is obtained between 0° and 60° C., 
instead of between 0° and 10° C., it is .0013 instead of .0011. 

The coefficient of mercury, however, is very 
nearly constant through a wide range of temper¬ 
ature, which indeed might have been inferred 
from the fact that mercury thermometers agree 
so well with gas thermometers. 

165 . Method of measuring the expansion coeffi¬ 
cients of liquids. One of the most convenient 
and common "methods of measuring the coeffi¬ 
cients of liquids is to place them in bulbs of 
known volume, provided with capillary necks 
of known diameter, like that shown in Fig. 126, Fm. 120 . Bull 
and then to watch the rise of the liquid in the ; t: ° r nivestigat- 
neck for a given nse in temperature. A certain of liquids 
allowance must be made for the expansion of the 

bulb, but this can readily be done if the coefficient of expan¬ 
sion of the substance of which the bulb is made is known. 

166 . Maximum density of water. When 
water is treated in the way described in 
the preceding paragraph, it reaches its 
lowest position in the stem at 4° C. As 
the temperature falls from that point 
down to 0° C., water exhibits the pecu¬ 
liar property of expanding with a decrease 
in temperature. 

This may he shown experimentally by sur¬ 
rounding for an hour or more a vessel of water 
with a freezing mixture of ice and salt as in 
Fig. 127. The lower thermometer will first fall ( 0 watCil 

to 4° C. and remain there, after which the upper thermometer will fall rap¬ 
idly, showing that water colder than 4° C. is now rising instead of falling. 

We learn, therefore, that water has its maximum density at 
a temperature of 4° O. 



Fig. 127. Maximum 
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1(57. Tlu* cooling of a lake in winter. Tin- precedin'' para- 
.".Mpli niakf. il ra-.v lo undrr.siam! (hr rooliitp' of any lai^v 
hnds u)' w alrr w nil i hr approach nt w inlri*. The sin la* r layers 
air iii 'l rnn|rd and <'"UDar(. Ilriirr, i>* 1 i 11 • ihrll hra\iri’ iliau 
(hr h)\\rr la\*•!'•., 11 n 1 \ sink and are ivplarrd h\ (hr warmer 
ualrr limn hmralh. This process of rooliiip' at I hr surface, 
and .sink im*. '«ii tint il t hr w holr body of w alrr has reached 
a Imiprr.it ni'r of | ('. A |'(rr I his roii,Ii| k.i, has her 11 rearlirih 

furl lire roolilt*' of thr .surface la\rl\s malms (limn li'/hlrr (hail 
the ualrr hriirai li, and l hr \ now rrinain on lop until Ihry 
frrr/r. Thu... hrloir ans irr uhalryrrran I'onu on (hr surface 
of a lake, thr u hole mass of ualrr {n I hr \ rfv hollom must 
hr roolrd to I ( *. This is whs i( rr*pi ires a imidi longer and 
more sr\ rl'r period of cold to lYrr/.r deep bodies of water i hail 
shallow oiir.’i, Kurt hn\ .since I he circulation described abnye 
erase-; at I tprariimllv all of thr tiufro7.ru water will hr 
at 1 «w m in ihr coldest weather. ()ul\ llir water which is 
ill the immediate tirir.hhorhood of (he ice will he lower Ilian 
I t*, this lart is ol \ital imporlaiiee in (he preservation of 
apuatie lile. 

168, Linear euetUeients of expansion of solids. If is often 
Hioir n-muiii'iil lo measure (lie increase ill It'll*fth of one 
rii'.n* ot an r\pain I iup; solid than to measure ils increase in 
r<ifiini <. 77/i- r<i t l‘’ l« f/i'i't ii (ia■ iiirn u.sc in /riit/lh firr tlft/rct' risf 
in it titpi I'litin-f tint/ i/h' ittitil h'iiiifh Is mUftl flit' lint'tir rut'jjh- 
‘'It nt >•/ i ij>tiii?<i"ii ihf s-ill,I. Thus, if / ( represent the lenp'l h 
of a. bar at am!/, its Iriiplh at the rcpialioit wliieb 
defines the linear roeliirietlt /,' is 


Kip. 1 :!H illii'.t rales (he method now in use af the Interna¬ 
tiona! Jhire.itt of HVi'.fhl*; ami Measures for ohlainiu^ these 
eoeHieient s. ‘The t Wo microscopes which are mounted in lixrnd 
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positions upon heavy piers are focused, upon scratches near 
the ends of the bar whose coefficient is to be obtained. The 


temperature of the water is 
then changed from, say, 0°C. 
to 10° C., and the amount of 
elongation of the bar is de¬ 
termined from the observed 
amounts of motion of its 
ends as seen through the 
microscopes. 

The linear coefficients of a 
few common substances are 
given in the following table: 



Fig. 128. Apparatus for determination 
of linear coefficients of expansion 


Aluminium .000023 
Brass . . .000018 
Copper . . .000017 
Gold . . . .000014 


Glass. . . .000009 
Iron . . . .000012 
Lead . . . .000029 
Platinum . .000009 


Silver . . .000019 
Steel . . . .000011 
Tin . . . .000022 
Zinc . . . .000029 


Applications of Expansion 


169. Compensated pendulum. Since along pendulum vibrates 
more slowly than a short one, the expansion of the rod which 
carries the pendulum bob causes an ordinary 
clock to run too slowly in summer, and its 
contraction causes it to run too fast in winter. 

For this reason very accurate clocks are pro¬ 
vided with compensated pendulums, which are 
so constructed that the distance of the bob 
beneath the point of support is independent 
of the temperature. This is accomplished by 
suspending the hob by means of two sets 
of rods of different material, in such a way 
that the expansion of one set raises the bob, 
while the expansion of the other set lowers _ ml 
it. buch a pendulum is shown m Fig. 129. pensated pendulum 
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1 lie expansion n! tin* iron roils //, </, c, and i. (ends to lmvor 
the hoi), while that oi the copper mils e lends to raise it.. In 
order to produce complete, compensation it is 
only necessary to make the total leuqihs of iron 
and copper rods inversely proportional to them 
eoidlieients o| expansion of iron and copper. 

170. Compensated balance wheel. In (he bal¬ 
ance wheel of an accurate watch (Pin-. ldO) an- t’m.l.'io. The 
other application of the unequal expansion of J i ie> * * wHoel 
metals is made. Increase in temperature both 
increases the radius of the wheel and weakens the elasticity 
o| (he sprinq which controls it. Both of these effects tend to 



riH’Uiial expansion of melals 



make the watch lose time. 'Phis tendency may he counteracted 
by briim,'iny; the mass of the rotating parts in toward the center 
if the wheel. 'Plus is accomplished by making the, a,res l> 


of 


metals of different expansion coefficients, the 
inner metal, shown in black in the. liyure, having 


the smaller eocflieient. The wciqhlcd ends of the 
ares are then sufficiently pulled in by a rise in 
temperature (o counteract the retarding effects. 






Tin’ principle is precisely Mu* mine as that which 
finds simple illustration in tlie compound bar shown in 
Pup Lit. This bar consists of two strips, one of brass 
and one of iron, riveted blether. When the bar is 
placed edip-w ho in a Bunsen Ihuue, so ( hat. both melals 
are heated njualh, it. will be found to bend in sueh a 
way Unit the more expansible fuelal, namely the brass, 
is on the outside of the curve, us shown iu Pi,tp BI2. 
When it is cooled with snow or ice it. bends in the 



opposite direct ion. 

'The common thermoslat. (Pig. Bt.'i) is precisely such 
a bar which is arramred so as l.o open the draffs 


Pm. 1JM. Tho 
ihermuHlat 
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through closing an electrical circuit at a when it is too cold, and 
to close the drafts through making contact at b when it is too warm. 

171. The dial thermometer. The dial thermometer 
is a compound metallic ribbon wound in helical form. 

One end a of the helix [Fig. 134, (2)] is fixed, while 
the other end is attached ^ 

to a lever arm b, the mo¬ 
tion of which rotates the 
pointer d over the dial 
[Fig. 134, (1)], which is 
graduated by comparison 
with a mercury thermom¬ 
eter. The less expansible 
metal is on the outside, 
lienee fall in temperatime 
causes the helix to wind 
up closer, the index mov¬ 
ing to the left. 

QUESTIONS AND PROBLEMS 




Fig. 134. The dial thermometer 


1. What is the temperature of the water at the bottom of a lake in very 
cold weather? Test the temperature of your tap water in winter. Explain. 

2. Why is a thick tumbler more likely to break when hot 
water is poured into it than a thin one ? 

3. Why may a glass stopper sometimes be loosened by 
pouring hot water on the neck of a bottle? 

4. If an iron steam pipe is 60 ft. long at 0° C., what is its 
length when steam passes through it at 100° C.? 

5. Pendulums are often compensated by using cylinders of 
mercury as in Fig. 135. Explain. 

6. The steel cable from which Brooklyn Bridge hangs is 
more than a mile long. By how many feet does a mile of 
its length vary between a winter day when the temperature 
is — 20° C., and a summer day when it is 30° C. ? 

7. The changes in temperature to which long lines of 
steam pipes are subjected make it necessary to introduce 
" expansion joints.” These joints consist of brass collars fitted 
tightly by means of packing over the separated ends of two $ 
adjacent lengths of pipe. If the pipe is of iron, and such a Fio. 135 
joint is inserted every 200 ft., and if the range of tempera¬ 
ture which must be allowed for is from — 30° C. to 125° C., what is the 
minimum play which must be allowed for at each expansion joint? 
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WORK AND MECHANICAL ENERGY* 

Definition and Mkaskkkmknt ok Work 

172. Definition of work. Whenever a ftirrn wears a hotly on 
which it. acts, it. is said to do work upon that, body ; and tlm 
amount, of the work accomplished is n^casurcd by t lit' prod net. 
of the force acting and the. distance through which it. moves the. 
body. 'Thus, if 1 gram of mass is lifted 1 centimeter in a, verti¬ 
cal direel-iou, 1 gram of force has acted, mid the. distance through 
which it, has moved the body is 1 centimeter. Wo say, there¬ 
fore, that, the lifting force has accomplished 1 t/nwi trnfiim'frr 
of work. If the gram of force hail lifted the body upon which 
it acted through 2 centimeters, the work done, would have been 
2 gram centimeters. If a force of 2 grams had noted and the 
body had been lifted through 15 centimeters, tin* work done 
would have been 11 gram centimeters, etc. Or, in geucial, if 
IT represent, the. work accomplished, F the value, of the acting 
force, and « the distance*, through which its point, of application 
moves, then the definition of work is given by the. equation 

ir F X s. ( 1 ) 

In the scientific sense no work is ever done unless the force 
succeeds in yoWar/w/ nn>(i»n in the body on which it. acts. A 
pillar supporting a building does no woik *, a man tugging at, 
a stone, but. tailing to move it, does no work. In the popular 

* It Sh recommended that this chapter be preceded by mi experiment la which 
the student discovers for himself tlm Isov of tin* lever, tlmt Is, the principle of 
moments (see, for example, Experiment 111, nutImrrt’ manual), and Unit It lie 
accompanied by a .study of the principle of work as exemplified in at leant one of 
Urn other simple machines (see, for example, Experiment IV, uiitluirn’ manual). 

1111 
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sense we sometimes say that we are doing work when we are 
simply holding a weight, or doing anything else which' results 
in fatigue; but in physics the word "work” is used to describe 
not the effort put forth but the effect accomplished , as repre¬ 
sented in equation (1). 

173. Units of work.' There are two common units of work 
in the metric system, the gram centimeter and the kilogram 
meter. As the names imply, the gram centimeter is the work 
done by a force of 1 gram when it moves the point on which it 
acts 1 centimeter. The kilogram meter is the work done by a 
kilogram of force when it moves the point on which it acts 
1 meter. The gram me^er is also sometimes used. 

Corresponding to the English unit of force, the pound, is the 
unit of work, th efoot pound. It is the work done by a " pound of 
force ” when it moves the point on which it acts 1 foot. Thus 
it takes a foot pound of work to lift a pound of mass 1 foot high. 

In tlve absolute system of units the dyne is the unit of force and the 
dyne centimeter, or erg, is the corresponding- unit of work. The erg is 
the amount of work done by a force of 1 dyne when it moves the. point 
on which it acts 1 centimeter. To raise 1 liter of water from the. floor 
to a table 1 meter high would require 1000 x 080 x 100 = 08,000,000 ergs 
of work. It will be seen, therefore, that the erg is an exceedingly small 
unit. For this reason it is customary to employ a unit which is equal 
to 10,000,000 ergs. It is called a joule, in honor of the great English 
physicist James Prescott'Joule (1818-1889). The work done in lifting 
a liter of water 1 meter is therefore 9.8 joules. 

QUESTIONS AND PROBLEMS 

1. Analyze several types of manual labor and see if the above defini¬ 
tion (T7= Fs) holds for each. Is not A x sthe thing paid for in every case ? 

2. How many foot pounds of work does a 150-lb. man do in climbing 
to the top of Mt. Washington, which is 6300 ft. high ? 

3. A horse pulls a metric ton of coal to the top of a hill 30 m. high. 
Express the work accomplished, first in kg. m., then in joules. 

4. If the 20,000 inhabitants of a city use an average of 20 1. of water 
per day per capita, how many kilogram meters of work must the engines 
do per day, if the water has to be raised to a height of 75 m. ? 


AVOIIK AND Til 1C PH LI JOY 
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174. The single fixed pulley. Let, the force of the 

thin upon a mass F' lie overcome by pul ling upon a spri 
in (he manner shown in log. l.'Pi, until !•" iimves slowly 
upward. IT F' is 100 grams, Mu' spring halanee will also 
In 1 found to register a I'mve of 100 grams. 

Mxpcrimenf thero lore. shows llm(. in lho use 
of (1 in single lixed pulley 11 1 «* acting force F 
which is producing (he motion is equal to the 
resist,ing force. F 1 which is opposing (.he mot ion. 

Again, since, (ho length of (lie string is always 
constant, tin 1 distance x through which tin* point. 

at. which F is applied, must, move, is always 
equal to the. distance a 1 through which the weight 
F' is lifted. Hence, if we consider the work put. 


li is opposing the mot mu. 
•(h of the string is always 
through which lhi* point 
‘d, must move, is always 
I lirough which the w eight 
we consider the work put 


info the system at, .1, namely Fx x, and the work accompli 
hy the system at F\ namely h ' 1 < x', we liud obviously, 
F'-- ■ F and « x', (hat 

Fx. F'F; (*J) 

that, is, in the ease of the single fixed pulley, the 
wurl'a done hi/ tin- iirthti/ J'ni'tv F {{hr effort ) is 
t'tjUid (a tin' Work done iti/itiuxt the rexixfiu// force 
F’( the rexixtanee ); or the. work put into the ma¬ 
chine at d is equal to the work itreoin/il/xhed hi/ 
the machine at. F 1 . 

175. The single movable pulley. Let m.w the 

force, of flm earth's affriteiimi upon the mass /'" he <>\er 
come hy ii single movable pulley, as shown in fig. l."»7. 

•‘■Mitre l,lie weight, of /•’' ( F’ represent! ug in this ease the 
weight, nf both tlu* pulley and the suspended mass) is 
now supported half hy the strand ("and half hy the 
force /'’which must art, at ,1 in hold the weight, in phu 
it slowly upward if there is u<> friction, should he only u 
A reading of Urn balance will show that, this is inden 
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Experiment thus shows that in the case of the single 
movable pulley the effort F is just one half as gieat as the 
resistance F'. 

But when again we consider the work which the force F 
must do to lift the weight F' a distance s', we see that A must 
move upward 2 inches in order to raise F’ 1 inch. For when 
F' moves up 1 inch both of the strands B and C must be 
shortened 1 inch. As before, therefore, since F’ = 2 A, and 

s> = \ s ’ Fxs=F r xs'; 

that is, in the case of the single movable pulley, as in the 
case of the fixed pulley, the work put into the machine by the 
effort F is equal to the work accom- (2) 

plished by the machine against the 
resistance F'. 

176. Combinations of pulleys. Let 

a weight F' be lifted by means of such a 
system of pulleys as is shown in Fig. 138, 
either (1) or (2). Here, since F' is sup¬ 
ported by 6 strands of the cord, it is clear 
that the force which must be applied at A 
in order to hold F' in place, or to make it 
move slowly upward if there is no friction, 
should be but £ of F'. 

The experiment will show this to 
be the case if the effects of friction, 
which are often very considerable, PlG- 138 _ • combinations of 
are eliminated by taking the mean pulleys 

of the forces which must be ap¬ 
plied at F to cause it to move first slowly upward and then 
slowly downward. The law of any combination of mov¬ 
able pulleys may then be stated thus: If n represent the 
number of strands between which the weight is divided , 

* F — Ffn. 



( 3 ) 
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Hut, wht i n again we i*<»nsitli*r the work which the, force F 
must, do in order to lift the weight F 1 through a distance 
we see that, in order that, the weight F' may he moved up 
through 1 inch, each of the strands must, he shortened l inch, 
and hence- the point. .1 must, move through n inches; (hat, is, 

-n/n. lienee, ignoring friction, in this case a,Iso we have 

F >; * F' x «'; 

that, is, although the effort, F is only * of the resistance F ', thr 
‘ ii 

work put into (hr wurhiiir bp (hr rtfort F in r<pttil to (hr work 
arrompiinhrd bp thr -murhinr apainnt (hr rrnintttnrr F’. 

177. Mechanical advantage. The above experiments show 
that it, is sometimes possible, by applying 1 a small force l>\ 
to overcome, a much larger resisting force. F ! . Thr ntdo 
oj (hr rrnmtiuirr F f (o (hr rjfort F in ntUrd (hr inrr/ntiiiiutl 
inlruniupr of (hr nuirhinr. Thus ihe iiieehunieal advantage 
of the single fixed j ulley is 1, that- of the single movable 
pulley is g, (hat, of (he systems of pulleys shown in lug. ITS 
is (i, etc. 

If the acting force is applied at. /'’'instead of at 1<\ (he me¬ 
chanical advantage of tin* systems of pulleys of lug. HIS is j. ; 
for it, requires an application of li pounds at. F' to lift 1 pound 
at, F. Hut, it. will he observed that (he resisting force at- F now 
moves six times as fast, and six times as far as (he acting force 
at, F 1 . We can thus cither sacrifice speed to gain force, or 
sacrifice ioreo to gain speed; but. in every ease, whatever we 
gain in the one we lose in the other. Thus in the hydraulic 
elevator shown in lug. HI, p. IS, (he cage moves only as fast, 
as the piston ; but. in (hat, shown in Fig. 1 1 it. moves four times 
as last. Hence the force applied to the piston in the latter 
ease must, he lour times as great, as in the former if the same 
load is to be lifted. This means (.hat, the diameter of the latter 
cylinder must, he t wice, as great. 
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QUESTIONS AND PROBLEMS 

1. Since the mechanical advantage of a single fixed pulley is or 
why is it ever used ? 

2. If the hydraulic elevator of Fig. 14, p. 18, is to carry a total 
of 20,000 lb., what force must be applied to the piston? If the \ 
pressure is 70 lb. per square inch, what must be the area of the 
section of the piston? 

3. Draw a diagram of a set of pulleys by which a force of 50 1L 
support a load of 200 lb. 

4. Draw a diagram of a set of pulleys by which a force of 50 lb 
support 250 lb. What would be the mechanical advantage of 
arrangement ? 


Work and the Lever 


178. The law of the lever. The lever is a rigid rod fre 
turn about some point P called the fulcrum (Fig. 139). 

Let a meter stick be first balanced as in the figure, and then 
mass, of, say, 300 g., be hung by a thread from a point 15 cm. 


the fulcrum. Then 
let a point be. found 
on the other side of 
the fulcrum at which 
a weight of 100 g. 
will just support the 
300 g. This point 
will be found to be 


□ 


r^TTH. fTT T~r 


Fig. 139. The simple lever 


45 cm. from the fulcrum. It will be seen at once that the pr 
of 300 x 15 is equal to the product of 100 x 45. 

Next let the point be found at which 150 g. just balance the 
This will be found to be 30 cm. from the fulcrum. Again, the prc 
300 x 15 and 150 x 30 are equal. 


No matter where the weights arc. placed, or what we 
are used on either side of the fulcrum, the product o! 
effort F by its distance l from the fulcrum (Fig. 140) w 
found to be equal to the product of the resistance F 1 l 
distance l 1 from the fulcrum. Now the distances l and 
called the lever arms of the forces F and F\ and the prc 
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of a force by its levee' arm is called the 'moment of that force. 
1 lie above experiments on the lever may then be generalized 
in the following Jaw: The 
moment, of the effort. As* equal 
to the ‘moment of the reaiat- 
ane.o. Algebraically stated, 


it is 


in = a ’ 7 '. 





It, will Ik, seen II,at U,„ 

namely FI = F I 

•medianie.al advantage of the 

lever, namely F’/I>\ is equal to l/l’\ that is, to the. lever arm 
of the effort divided hi/ the lever arm of the resist an ee. 

179. General laws of the lever. If parallel forces are applied 
at several points on a lever, as in Figs. 141 and 1,42, it will be 
found, in the particular cases illustrated, that for equilibrium 
200 * 30 = 100 x 20 -|-100 x 40 


and 300 x 20 -|- f>0 X 30 = 100 x 1 5 + 200 x 32.5 ; 


1,11at is, the earn of all the 'momenta wh.ie.h. are. tendin// to tarn the 
beam in. one direction i* et/md to the hum of all the, momenta tend- 
in;/ to turn it. in. the o/qumte direction. 

If, further, we support the levers of Kigs. 141 and c -,—^ 

142 by spring balances attached at /', we shall lind, 



am) 


mo too 


(id** ® ® 

, 100 MO 50 


M2 


Rontlil.imi of equilibrium of a bar ad.e.d upon by several forces 


aider allowing for the weight of the meter stick, that the two 
forces indicated by the balances are respectively 200 + 100 + 
100 = 400 and 300 + 100 + 200 - 50 = 550 ; that is, the mm 
of all the force* act in;/ in, one direction on the lever its equal to 
the. mm of all the force .h ae.tim/ in the ojqumile direction. 
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These, two laws may be combined as follows: If we think 
of Urn force exerted by (he spring balance as the equilibrant. 
of sill the other forces aelinn'on (lie lever, (hen we lind 1 hat the 
resultant of ant/ number <f pandlel J'on-es is their al<i< brute sum, 
and its point of application is the point about ir/wh the <tbjrbntie 
smn if the moments is zero. 

180. The couple. There is one ease, however, in which 
parallel forces can have no single force as their resultant, 
namely, the ease, represented in l''iq\ 1 id. Such a pair ,f ^ 
equal and opposite forees aetiinj at diferent /hunts <ai a d 
leoer is ended, a eon pie and can he ^ 

neutralized only by another couple I 

tending to produce rotation in the j 

opposite direct,ion. The moment- of ! - 1 * l ‘ 1, 

such a couple is evidently /*’ ( *; on | F, *. •>/. F t », ,?/»; that is 

it, is out 4 , of the forees times (be total distance between them. 

181. Work expended upon and accomplished by the lever. 
We have, just, seen that when the lever is in equilibrium 
that is, when it, is at rest or is morimj uniform! the relation 
between the effort. A' and the resistance h" is e\pressed in 
the equation of moments, 
namely Fl - F’l '. Let, us 
now suppose, precisely as in 
the. east 4 of the pulleys, thut 
the force. A'raises the weight 



. n 

}■; 


F s through a small distance l"'.,. lit. sh..uin-* iUu ?!>.- 
s’, To iiceomplish this, the “ l 111 
point J to which .!•' is at- 

(,ached must, move through a distance « ( l**i»*. I H }, 
similarity of the triangles At'n and lU'm it will be 
l/l! is e(pial t,o s/s 1 , lienee equal ion ( 1 j, which represents the 
law of the lever, and which nun, in* written F F' l' J, nun, 
also be writtc'n in the form 


••(tin,.linn t>i 


l*'"o)u the 
seen that 
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Now /' T .s represents the work done by the effort 1<\ and. AV 
tlve worlc dono against, the resistance F 1 . lienee Hie law of 
moments, wliioli lias just boon found by experiment to be the 
law of the lover, is equivalent to tho statement that whenever 
work is accomplished by the me of the lever , the work, expended 
•upon the (ever by the ejjort F b s* equal to the •work accomplished 
by the lever ayainst the resistance F 1 . 

182. The three classes of levers. It is customary to divide 
levers info three (‘.busses, as follows: 

1. In levers of the first class the fulcrum F is between the 
noting force h' and the resisting force F’ (Fig. 145). The 



mechanical advantage of lovers of this class is greater or loss 
than unity according as the lover arm l of the effort is greater 
or loss than the levin arm l 1 of the resistance. 

2. In levers of (lie second class the resistance F 1 is between 
the effort F and the fulcrum V (Fig. 14(5). Here the lever 
arm of the effort., that is, the distance from F to l\ is neces¬ 
sarily greater than the lever arm of the resistance, that is, the 
distance from F 1 to /\ Hence the mechanical advantage is 
always greater than 1. 

3. In levers of the third class the acting force is between the 
resisting force and the fulcrum (Fig. 147). The mechanical 
advantage is then obviously less than 1, that is, in this type 
of lever force is always sacrificed for flic sake of gaining speed. 







QUESTIONS AND PROBLEMS 
•(> carrying a bag nf walnut i at 


long stick. Will it. make any difference 
tin* bag or further away, so long as car 

2. When a load is carried on a stick 
the pressure on the .shoulder heroine 
greater as the load is moved farther 
out on the stick ? 

3. Explain the use of the rider in 0 tl 
weighing (see Kig. 2 ;’>). 

4. In whieh of the three classes of 
levers does the wheel harrow belong? 
grocer’s scales? pliers? sugar longs? 
a claw hammer? a pump handle? 

5. Explain the principle of weigh¬ 
ing by the steelyards ( Fig. MS). What 
must be the weight of the bob /’ if, at- 


.vliet her they walk close f 
i is at. the same distance 
over the shoulder, why dot 


fTl 


Em, l IH. Steely aids 


the fulcrum (>, if balances a weight, o 
2 cm. from (>'{ 

6 . if you knew your own weight, 
weight of a companion if you had only 

7. How would you arrange a er* 
the first class in overturning a lieuiy t 
class ? 

8 . If .’1 horses are fo pull eipiallv on 
tree be designed? 


gilt, of It) kg. placed at a di >l,u 


av could you dctei mim* the 
teeter ho.ild and il loot rule? 
iar to u ,e it a-, a lever uf 
■et ? a , a tel el ,,f t lie second 

Had, how should t lie u hippie 


9. Two hoys carry a haul of (It) lb. on a pole between them, tf the 
load is •! ft. from one boy ami tl ft. from the other, how many pounds 
does each hoy carry? (Consider the 
force exerted hy one of the boys F /• 

as the. effort,, the load as the resist” ~ 

anc.e, and the second boy as the Y j »|, s . 
fulcrum.) | yn. . . 

10. Why is it, Unit a couple can ! 
not he hahuieed by a single force? 

11. Why do Ulmers’ shears have Em, Mb. 't he automatic 

long handles and short, blades ami tlo.it i.die 



tailors’ shears just, the opposite? 

12. If the. lmll of the float vahe ( Kig. t lb) has a di,urn-tor of Idem., 
and if the. distance from the center of the bid! to the pivot ,S* is 20 
times the distance from .S’ to the pin /’, with iilmt have is the valve 
H held shut, when the hull is half immersed? < t wnghluf 1 mil. 
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13. In the Vale luck (Fig. lf>0) Um cylinder (,' rotates inside the 
fixed cylinder /•' am! works the holt through the arm //. The rif/ht key 
raises the pins n\ //, <■', </\ /■', iini.il their tops art 1 just even with the. top 
of (}. What mechanical principles do you find involved in this device? 



Fin. lot). Yah; lock 
(1) The right key ; (2) the wrong key 


Tnu 1 * ill Nt d I'ldc ok Work 

183. Statement of the principle of work. The study of 
pulleys led us t.o (.he conclusion thill in all eases where sueh 
machines are used, the work done by the effort is equal to the 
work done against (.he resistance, provided always that friction 
limy he neglected, and that (he motions are uniform so that 
none of the force exerted is used in overcoming inertia. The 
study of levers led to precisely (.lie same result. In Chapter II 
the study of the hydraulic press showed that the same law 
applied in (.his east) also, for it was shown that the force on 
the small piston times the distance through which it moved 
was equal to the force on the large piston times the distance 
through which it moved. Similar experiments upon all sorts 
of machines leave shown that in all eases where friction may 
he neglected the following is an absolutely general law: Jn 
all. -mechanical devices of whatever xoH the. work expended upon 
(he -machine in equal io the work aeeomplwhed hy it. 

This important generalization, called " the principle of 
work,” was lirst stated by Newton in 1(587. It lias proved to 
be one of the most fruitful principles ever put forward in the 
history of physics. By its a](plication it is easy to deduce the 
relation between the force applied and the force overcome in 
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any sort of machine*, provided only that friction is negligible, 
and that the motions lake, place slowly. It is only necessary 
to produce, or imagine, a displacement, at. one cud of 11 u*. 
machine, and then to measure or calculate the corresponding 
displacement at. the other end. The ratio of 


the second displacement, to the first is the 
ratio of the force acting to the force overcome. 

184. The wheel and axle. Let us apply the 
work principle to discover the law of f he wheel 
and axle (Fig. lf>l). When (he large wheel 
lias made, one revolution, the point .1 moves 



down a distance equal to the circumference of M" 
this wheel. During (his time the weight F' is 


Idled a distance equal to (he circumference of i. Tl*<> 

the axle. lienee the equation Fs /-‘V he ^! ,te<l .i\t<. 


comes Fx ‘‘Inrli- ■ F' X 2 7r/\ where F and r are the radii of 


the wheel and axle respectively. 'This equation ma\ he 
written in the form 

/' //• //,r; to) 


that is, (ha wei<fht lifted an (ha axle is ,ts mam/ times (hr fa nr 
applied, to the wheat as (ha radius a/ the wharf is dm an the radius 


of the ax/a, < M-henvise staled, (ha me- 
uhnniaal adntn(ai/r of (ha wheat ami 
axle is npnit to (ha rad/us of the wheat 
divided, hi/ the radius of the axle . 

The capstan (Fig. lf>2) is a spe¬ 
cial ease of the wheel and axle, the 
length of the lever arm taking the 
place of the, radius of (he wheel, 
and the radius of the. barrel corre¬ 



sponding to the radius of (hi* axle. 


185. The work principle applied to the inclined plane. The 
work done against, gravity in lifting a weight F' ( Fig. loti) 
from the bottom to the. (op of a plane is e\ identlv «■-qua! 



THIS PRINCIPLE OK WORK 


143 



to F' times the height h of the plane. Pmt the work done by 
the acting force F, while the carriage of weight F 1 is being 
pulled from (he bottom to the ^ 

top of the plane, is equal to F 
times the length l of - the plane,, 
lienee (.he principle of work gives 

FI --- F'h, or F'/F l/h ; ((!) 

Kni. If),'!. 'I'lie inclined plane 

that is, the mechanical adoantape of 

the. inclined ‘plane, or the ratio of the weii/hl lifted to the force 
act ini/ parallel to the plane , is the ratio of the. fcni/lh of the plane 
to the. heii/ht of the plane. This is precisely the, conclusion 
at which we arrived in another way in Chap¬ 
ter V, p. HO. 

186. The screw. The screw (Pig. .154) is a 
combination of the. inclined plane and the. 
lever. Its law is easily obtained from the prin¬ 
ciple of work. When the force, which acts on 
the end of the lever has moved this point 
through one complete revolution, the weight 
F 1 , which rests on fop of (he screw, has evi¬ 
dently been lifted through a vertical distance 
equal to the distance between two adjoining threads. This 
distance d is called the pitch of the screw. Ilcnee, if we 
represent by l the length of the lever, 
the work principle gives 



F X‘“d irl ■■ ■ F'd ; 


( 7 ) 


that is, (he mechanical adoantape of 
the screw , or ratio of the ■/eeitfht lifted 
to the force, applied, is etjnal to the 
ratio of the circumference of the circle 
mooed oner hi/ the end of the leoer , to the distance between the 
threads of the screw. In actual practice the friction in such 
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an arrangement is always very great, so that the mechanical 
advantage is considerably less than its full theoretical value. 
The common jackscrew just described (and 
used chiefly for raising buildings), the letter 
press (Fig. 155), and the vise (Fig. 15G) are |^|jj 
all familiar forms of the screw. " 

187. A train of gear wheels. A form of machine Fio ^ The vise 
capable of very high mechanical advantage is the 
train of gear wheels shown in Fig. 157. Let the student show from the 
principle of work, namely Fs = F's', that the mechanical advantage, 
F' 

that is, —, of such a device is 
r 

t no. cogs in d no. cogs in/ 



circum. of a x 


no. cogs in c no. cogs in b 


circum. of t 


( 8 ) 


188. The worm wheel. Another device of high mechanical advantage 
is the worm wheel (Fig. 158). Show that if l is the length of the crank 
arm C, n the number 
of teeth in the cog¬ 
wheel W, and r the 
radius of the axle, the 
mechanical advantage 
is given by 


2 irln 
2 7 rr 


V=r = 4 « 



Fig. 157. Train of gear 
wheels 


Fro. 158. The worm 
gear 


This device is used 
most frequently when 
the primary object is 
to decrease speed rather than to multiply force. It will" be seen that the 
crank handle must make n turns while the cogwheel is making one. 

189. The differential pulley. In the differential pulley (Fig. 159) an 
endless chain passes first over the fixed pulley A, then down and around 
the movable pulley C, then up again over the fixed pulley B, which is 
rigidly attached to A, but differs slightly from it in diameter. On the 
circumference of all the pulleys are projections which fit between the 
links, and thus keep the chains from slipping. When the chain is 
pulled down at F, as in Fig. 159 (2), until the upper rigid system of 
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pulleys lias made one complete rev. 
:ui(l lower pulleys lias been shorh 
circumferences of Uie pulleys .1 
and /»’, for the chain lias been 
pulled, uj) a distance, equal to 
t,liu eireumferenee of tbe larger 
]uilley and let down a distance 
equal to the circumference of the 
smaller pulley, lleiic.o the load 
F' lias been lifted by half tin 1 
difference between the. circumfer¬ 
ences of .1 and 11. The mechan¬ 
ical advantage is therefore equal 
to the circumference of .1 divided 
by one half the difference between 
the circumferences of .1 and /,’. 


chain between tlm up) 
i difference between t 

(a) 



i differential pulley 


QUESTIONS AND PROBLEMS 


1. A :i()() lb. barrel 
h ft. high. What force 


rolled up a plank 112 
i applied parallel to 1.1 


long info a doorw 
plank V 

2. A Inllll-lb. safe must lie raised f> ft. The. force which can 
applied is !ih(I lb. What is the shortest inclined plane which can 
used for tin 1 purpose V 

3. In the differen- a IT* 

fial wheel and axle fpf]Ji ^ _-_n-oi 

(Fig. lliO) flu- rope is _JJ I fTpTZZjft 

wound in ojiposife di- ^ X- t | f re m 

rcefions on two axles A r II 

of dilTermif diameter. .^jij!| 

For a comjile.b' revo- tw-’l 1 l''(lr' |Js—- 

lufion of the axle. fh(‘ ! (Uj' ^ T ^ 

weight is lifted by a *F r 

ilisfauce equal to one FllJ> m Dim-rcntial Km. Kil. The c« 
half the difference be- windlass pound lever 

tween the circumfer¬ 
ences uf the. two axles. If the crank has a radius of 12 ft., the larger a 
a diameter of (i in., and the smaller one a diameter of 'I in., find 
mechanical advantage of the arrangement. 

4. If, in tin! compound lover of Fig. 1(51, A C !(5 ft., F>('~\ 

])K ‘1 ft., AV; H in., //./ : H ft., and /./ 12 ft., what force appl 

at F will support a weight of 2000 lb. at F' ? 


. 1(10. Differential 
windlass 


rank has a radius of 2 ft., the larger 
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5 . The hay scales shown in Kitf. 1 '! 
fulrriims al. l'\ F\ I'’", I'”'- If /'"aiul 
F'!C f> ft., F"n l Cl,, /•’"/)/ (i Ct, 
pounds at, IT will be rcijuii‘<’«l In balance 



l! consist nf a ml ll | 'i'll lid lr\ rr ,\ ith 
/•• arr lengths ,.f li ill., /'/•: and 
•J in., and /•' S' ’.!0 in., limv uiaiiv 
a wri;*hl "C a t.-u mi t 



1m... I'l l. N oid 


U! i 


rd h\ 


6. If Uir capstan ol a shi| 

(i ft, lontf, what, form must, hr «■ 
an anchor wei^liiiij; lh.V 

7. In Mu* windlass of Kir;. 

2 fl„, and Mir barrel a diameter 
cogwheel and til) in Mm 
1 arjt'e one. Wlial. is Mm 
nmehaiiieal ailvanlaip* 
of tlm. arrangement Y 

8. A fore.* of SI) ky. 
oil a wheel whose diam 
eter is li in. balances a 
weight, of ldtl life. ,,n the 
axh*. Kind the diameter 
of the axle. 

9. Ki^litjaekserews 
eae.li of wliieli lias a 
pitiill of i in. and a lever 
arm of IS in. are beinr; 
worked Himullaneoii.sly 
t.o raise a bni ldiiij.; wei^'li ■ 
iuf^* 1(10,00(1 lb. What force would bale to 
lover if there were no frwMnuY \\ b.U if 

10. If a worm wheel (Kit;. IAS) bus 
2f> em. loan*, while the radius of the a\l<- 


i dm 
,mh * 


1 (Id t he er.ud. handle 
of * in. Then* ai>- l.'ii < 



elt 


I al Si. 

1 r I 

th, atel lie eiaitk is 
, w hat t. l In* mediate 
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11. If in tlu* crane ol Kit?. Ill I i.ln * crank ana liana lenj?t,h of 1/2 ui., 
and flu* j?car wheels .1, < \ and D have respe.cl.ively 12, IS, 12, and (10 


con's, while Ihe axle over which 
the. chain runs has a radius of 
10 cm., what, is the mechanical 
advantage of ihe crane? 

12. With the. aid of Kit?. Ida 
describe the process of whidiui? 
and seUinj? a watch. The rocker 
// is pivoted at. .V. (' carries the 
mainspring' ami \% the hands. 
.S'./’, is a. liiylit. sprint? which nor¬ 
mally keeps the wheel .1 in mesh 
with <'. I’ressiuL? down on /’, how¬ 
ever, releases .1 from (' and cn- 
l?ai?cs /»’ with IK What, mechanical 
principles do you iind involved? 
What. hap[iens when .1/ is turned 
hack ward V 



Km. 105. Winding and Kct.linf? mech¬ 
anism of a stem-wind in;? wateh 


1’mvnii and Enkkov 

190. Definition of power. When a given load has been 

raised a given distance a given aniotinl, of work lias been 
(lone, whether the time, eonsnnietl in doing it, is small or great. 
Time is therefore not. a fa.et.or whieh enters into the deter¬ 
mination of work; hut if is often as important to know the 
rati' at whieh work is done as t.o know the amount of work 
accomplished. The rate of doiny work h railed power, or activity. 
Thus, if r represent power, //'the work done., and t the time 
required to do it., m- 

( 10 ) 

191. Horse power, daunts Waft, ( 1 7dti 1819), the inventor 
of the steam engine, considered that an average horse could do 
H9,(H)() foot, pounds of work per minute, or 950 loot pounds per 
second. The metric, equivalent, is 7(>.0f> kilogram meters 
per second. This number is probably considerably too high, but, 
it has been taken ever since, in English-speaking countries, 
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as the unit of power, and named the horse power (II.P.). 
The power of steam engines has usually been rated in horse 
power. The horse power of an ordinary railroad locomotive is 
from 500 to 1000. Stationary engines and steamboat engines 
of the largest size often run from 5000 to 20,000 II.P. The 
power of an average horse is about 3/4 II.P., and that of an 
ordinary man about 1/7 II.P. 

192. The kilowatt. In the metric system the erg has been 
taken as the absolute unit of work. The corresponding unit of 
power is an erg per second. This is, however, so small that it 
is customary to take as the practical unit 10,000,000 ergs per 
second; that is, one joule per second (see § 173, p. 132). This 
unit is called the watt, in honor of James Watt. The power 
of dynamos and electric motors is almost always expressed in 
kilowatts, a kilowatt representing 1000 watts, and in modern 
practice even steam engines are being increasingly rated in 
kilowatts rather than in horse power. A horse power is equiva¬ 
lent to 746 watts; it may therefore in general be considered 
to be 3/4 of a kilowatt. 

193. Definition of energy. The energy of a 
body is defined as its capacity for doing work. 

In general, inanimate bodies possess energy 
only because of work which has been done 
upon them at some previous time. Thus, 
suppose a kilogram weight is lifted from the 
first position in Fig. 166 through a height of 
1 m., and placed upon the .hook IT at the end 
of a cord which passes over a frictionless 
pulley p and is attached at the other end to 
a second kilogram weight B. The operation 
of lifting A from position 1 to position 2 has 
required an expenditure upon it of 1 kg. m. (100,000 g. cm., 
or 98,000,000 ergs) of work. But in position 2, A is itself 
possessed of a certain capacity for doing work which it did 


a 


Pni. 100. Illustra¬ 
tion of potential 
energy 
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not have before. For if it is now started downward by the 
application of tlie slightest conceivable force, it will, of its 
own accord, return to position 1, and will in so doing raise 
tlie kilogram weight B through a height of 1 m. In other 
words, it will do upon B exactly the same amount of work 
which was originally done upon it. 

194. Potential and kinetic energy. A body may have a 
capacity for doing work not only because it has been given an 
elevated position, but also because it has in some way acquired 
velocity; for example, a heavy flywheel will keep machinery 
running for some time after the power has been shut off; a.bul¬ 
let shot upward will lift itself a great distance against gravity 
because of the velocity which has been imparted to it. Simi¬ 
larly, any body which is in motion is able to rise against grav¬ 
ity, or to set other bodies in motion by colliding until them, 
or to overcome resistances of any conceivable sort. Hence, in 
order to distinguish between the energy which a body may 
have because of an advantageous position, and the energy which 
it may have because it is in motion , the two terms " potential ” 
and “ kinetic ” energy are used. Potential energy includes the 
energy of lifted weights, of coiled or stretched springs, of bent 
bows, etc.; in a word, potential energy is energy of position, ivliUe 
Idnetie energy is energy of motion. 

195. Transformations of potential and kinetic energy. The 
swinging of a pendulum and the oscillation of a weight 
attached to a spring illustrate we'll the way in which energy 
which has once been put into a body may be transformed back 
and forth between the potential and ‘kinetic varieties. When 
the pendulum bob is at rest at the bottom of its arc it pos¬ 
sesses no energy of either type, since, on the one hand, it is 
as low as it can be, and, on the other, it has no velocity. When 
we pull it up the arc to the position A (Fig. 1G7), we do an 
amount of work upon it which is equal in gram centimeters 
to its weight in grams times the distance AD in centimeters; 



Fig. 107. Transformation 
of potential and kinetic 
energy 


that is, we store up in it this amount of potential energy. As 
now the bob falls to C this potential energy is completely 
transformed into kinetic. That this kinetic energy at C is 
exactly equal to the potential energy 
at A is proved by the fact that if fric¬ 
tion is completely eliminated, the bob 
rises to a point B such that BE is 
equal to AD. We see, therefore, that 
at the ends of its swing the energy of 
the pendulum is all potential, while 
in the middle of the swing its energy 
is all kinetic. In intermediate posi¬ 
tions the energy is part potential 
and part kinetic, but the sum of the 
two is equal to the original potential 
.energy. 

196. General statement of the law of frictionless machines. 

In our development of the law of machines, which led us to 
the conclusion that the work of the acting force is always 
equal to the work of the resisting force, we were careful to 
make two important assumptions: first, that friction was 
negligible; and second, that the motions were all either uni¬ 
form or so slow that no appreciable velocities were imparted. 
In other words, we assumed that the work of the acting force 
was expended simply hi lifting weights or compressing springs; 
that is, hi storing up potential energy. If now we drop the 
second assumption, a very simple experiment will show that 
onr conclusion must be somewhat modified. Suppose, for 
instance, that instead of lifting a 500-g. weight slowly by 
means of a balance, we jerk it up suddenly. We shall now 
find that the initial pull hidicated by the balance, instead of 
being 500 g., will be considerably more — perhaps as much 
as several thousand grams if the pull is sufficiently sudden. 
This is obviously because the acting force is now overcoming 
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not merely (he f>00 g. which represents the resistance of grav¬ 
ity! hut also llie. inertia of the body, since velocity is being 
imparted to it. Now work done in imparting velocity to a 
body, that is, in overcoming its inertia, always appears as 
kine/ie energy, while, work done in overcoming gravity appears 
as the potential energy of a, lifted weight. Hence, whether the 
motions produced by machines are slow or fast, if friction is 
negligible, the law for all devices for transforming work may 
be stall'd thus: 77/e trnrk of the artin<) force is n/utd, to the sum 
of the potential and hinetie energies stored np hi the mass anted 
upon. In machines which work against gravity (.he body usually 
starts from rest and is left at rest., so that, the kinetic energy 
resulting from the whole operation is zero. Hence in such cases 
the. work done is the. weight lifted times the height through 
which it. is lifted, whether the motion is slow or fast. The 
kinetic energy imparted to the body in starting is a,11 given 
up by if in slopping. 

197. The measure of potential and kinetic energy. 'The 
measure of (lie potential energy of any lifted body, such as a 
lifted pile driver, is equal to the work which has been spent 
in lifting the body. 'Thus if h is the height, in centimeters 
and .1/ the weight in grams, then the. pot.ent.ial energy IM£. 
of the lifted mass is 

IMh :/)/// gram eon timet, e.rs. (11) 

Since ihe force nf t.lie earth’s attraction for /)/ grams is flftj dynes, 
if we wish to express the potent,ial energy in ergs instead of in gram 
ecnfiinet.evs, we. have p.g (lf>) 

Since this energy is all transformed into kinetic, energy when the 
mass falls the distance A, the product, /I Jt/h also represents the number 
of ergs of kinetic energy winch Ihe moving weight lias when il. strikes 
tlie pile. 

If we wish to express this kinetic energy in terms of (he velocity with 
which the weight strikes Ihe pile, instead of the. height from which it, 
lias fallen, we have only to substitute for h its value in terms of </ and 
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the velocity acquired [see equation (3), p. 03], namely h — v‘ 2 /'2 <j. This 
gives the kinetic energy K.E. in the form 

ICE. = £ Mir ergs. (13) 


Since it makes no difference how a body has acquired its velocity, 
this represents the general formula for the kinetic energy in cr</s of any 
moving body, in terms of its mass and its velocity. 

Thus the kinetic energy of a 100-g. bullet moving with a velocity of 
10,000 cm. per second is 

K.E. = £ x 100 x (10,000) 2 = 5,000,000,000 ergs. 


Since 1 g. cm. is equivalent to 080 ergs, the energy of this bullet is 
.q.n n 0.0 0 0,0 0.0 _ 5^02,000 g. cm., or 51.02 kg. m. 

We know, therefore, that the powder pushing on the bullet as it 
moved through the rille barrel did 51.02 kg. m. of work upon the bullet 
in giving it the velocity of 100 m. per second. 

In general terms, if M is in grants and w in centimeters per second, 
K.E. = —— g. cm.; if M is in pounds and n in feet per second, 


K.E. = 


2 x 32.10 


g. cm.; if M is in pounds and n in feet per 
ft. lb. . 


QUESTIONS AND PROBLEMS 

1. A 150-lb. man runs up a flight of stairs 00 ft. high in 10 see. What 
is his horse power while doing itY How do you account for the result? 

2. If a rifle hullet can just pass through a jthink, how many plunks 
will it pass through if its speed is doubled ?' 

3. What must be the horse poAver of an engine which is to pump 
10,000 1. of water per second from a mijie 150 m. deep? 

4. What must he the power in kilowatts of the engines supplying 
the city water in Problem 4, p. 132? Express the power also in horse 
power. (Assume a 24-hour day.) 

5. A water motor discharges 100 1. of water per minute when Fed from 
a reservoir in which the water surface! stands 50 tit. above the level of 
the motor. If all of the potential energy of the water were transformed 
into work in the motor, what would be .the horse power of the motor? 
(The potential energy of the water is the amount of work which would 
be required to carry it back to the top of the reservoir.) 





CHAPTER IX 
WORK AND HEAT ENERGY 
EltlCTlON 

198. Friction always results in wasted work. All of the 
experiments mentioned in the last chapter were so arranged 
that friction. e< mid be neglected or eliminated. So long as this 
condition was fulfilled if was found that the result of uni¬ 
versal experience could lie stated thus: The, work done by 
the aetiny force ix etjual to the twin, of the kinetic and potential 
eneryiex ntored ■wp . 

But wherever friction is present this law is found to be in¬ 
exact, for the work of the acting force is then always somewhat 
greater than the sum of the kinetic and potential energies 
stored up. If, for example, a block is pulled over the horizon¬ 
tal surface of a liable, at the end of the motion no velocity has 
been imparted to the block, and hence no kinetic energy has 
been stored up. Further, the block has not been lifted nor put 
info a condition of elastic strain, and hence no potential energy 
has been communicated to it. We cannot in any way obtain 
from the block more work after the motion than we could have 
obtained before if was moved. It is clear, therefore, that all 
of the work which was done in moving the block against the 
friction of the table was wanted work. Experience shows that, 
in general, where work is done against friction if can never 
be regained. Before considering what becomes of this wasted 
work we shall consider some of the factors on which friction 
depends, and some of the laws winch are found by experiment 
to hold in eases in which friction occurs. 
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199. Coefficient of friction. It is found that if F represent! 
the force parallel to a plane which is necessary to maintaii 
uniform motion in a body which is pressed against the plain 
F 

with a force F', then the ratio — depends only on the nature 
F 

of the surfaces in contact, and not at all on the area or on tin 
F 

velocity of the motion. The ratio — is called the coefficient o, 

friction for the given materials. Thus, if F is 300 g. and F 
800 g., the coefficient of friction is = .375. The eoeflioienl 
of iron on iron is about .2, of oak on oak about .4. 


200. Rolling friction. The chief cause of sliding friction is the inter 
locking of minute projections (shown greatly magnified at n, b, e., and < 
in Fig. 168). When a round solid 
rolls over a smooth surface the fric¬ 
tional resistance is generally much 
less than when it slides; for example, 
the coefficient of friction of cast-iron 
wheels rolling on iron rails may be 
as low as .002; that is, of the sliding friction of iron on iron. 
This means that a pull of 1 pound will keep a 500-pound car in motion. 
Sliding friction is not, however, entirely dispensed with in ordinary 


Fig. 168. Illustrating friction ol‘ 
rubbing surfaces 



Fig. 169. Friction in bearings 
(1) Common bearing; (2) ball bearing 

wheels, for although the rim of the wheel rolls on the track, the axle 
slides continuously at some point c [Fig. 169, (1)] upon the surface of 
the journal. 

_ Tite great advantage of the ball bearing [Fig. 109, (2)] is that the 
sliding friction in the hub is almost completely replaced by rolling 
friction. The manner in which ball bearings are used in a bicycle 
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pedal is illustrated in Fig. 170. The "free wheel” ratchet is shown in 
Fig. 171. The “pawls” a, b, enable the pedals and chain wheel IF to 
stop while the rear axle continues to revolve. 

201. Fluid friction. When a solid moves through a fluid, as when a 
bullet moves through the air or a ship through the water, the resistance 
encountered is not at all independent of veloc¬ 
ity, as in the case of solid friction, but increases _ ^ 



Fig. 170. The bicycle pedal Fig. 171. Free wheel ratchet 


Joy slow speeds nearly as the square of the velocity, and for high speeds 
at a rate considerably greater. This explains why it is so expensive to 
run a fast train; for the resistance of the air, which is a small part 
of the total resistance so long as the train is moving slowly, becomes 
the predominant factor at high speeds. The resistance offered to steam¬ 
boats running at high speeds is usually considered to increase as the 
cube of the velocity. Thus the Cedric, of the White Star Line, having 
a speed of 17 knolls, has a horse pow T er of 14,000, aud a total weight 
when loaded of about 38,000 tons, while the Kaiser Wilhelm II, of the 
North German Lloyd Line, having a speed of 24 knots, has engines 
of 40,000 horse power, although the total weight when loaded is only 
20,000 tons. 

QUESTIONS AND PROBLEMS 

1. In what respects is friction an advantage, and in what a dis¬ 
advantage, ^n everyday life? Could we get along without it? 

. 2. Why is a stream swifter at the center than at the banks? 

3. A smooth block is 10 x 8 x 3 in. Compare the distances which it will 
slide when given a certain initial velocity on smooth ice, if resting first on 
a 10 x 8 face; second, on a 10 x 3 face; and third, on an 8 x 3 face. 

4. Why is sand often placed on a track in starting a heavy train? 

5. What is the coefficient of friction of brass on brass if a force of 
25 lb. is required to maintain uniform motion in-a brass block weighing 
200 lb., when it slides horizontally on a brass bed? 

6. Why does a team have to keep pulling after a load is started ? 
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7. The coefficient of friction between a block and a table is .3. 
What force will be required to keep a 500-g. block in uniform motion? 

8. In what way is friction an advantage in lifting buildings with a 
jackscrew ? In what way is it a disadvantage ? 


Efficiency 


202. Definition of efficiency. Since it is only in an ideal 
machine that there is no friction, in all actual machines the 
work done by the acting force always exceeds, by the amount 
of the work done against friction, the amount of potential 
and kinetic energy stored up. We have seen that the former 
is wasted work in the sense that it can never be regained. 
Since the energy stored up represents work which can be 
regained, it is termed useful work. In most machines an effort 
is made to have the useful work as large a fraction of 
the total work expended as possible. The ratio of the useful 
ivork to the total ivork done l>y the acting force is called the 
Efficiency of the machine. Thus 


Efficiency = 


Useful work accom plished 
Total work expended 


( 1 ) 


Thus, if in the system of pulleys shown in Fig. 138 it is necessary to 
add a weight of 50 g. at F in order to pull up slowly an added weight of 
240 g. at W, the work done by the 50 g. while F is moving over 1 cm. 
will be 50 x 1 g. cin. The useful work accomplished in the same time 

is 240 x £ g. cm. Hence the efficiency is equal to ~ ~ — 80%. 


203. Efficiencies of some simple machines. In simple levers 
the friction is generally so small as to be negligible ; hence the 
efficiency of such machines is approximately 100%. When 
inclined planes are used as machines the friction is also small, 
so that the efficiency generally lies between 90 % and 100%. 
The efficiency of the commercial block and tackle (Tig-138), 
with several movable pulleys, is usually considerably less, 
varying between 40% and 60%. In the jackscrew there is 
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necessarily a very large amount of friction, so that although 
the mechanical advantage is enormous, the efficiency is often 
as low as 25 %. The differential pulley of Fig. 159 has also a 
very high mechanical advantage with a very small efficiency. 
Gear wheels such as those shown 



in Fig. 157, or chain gears such as 
those used in bicycles, are machines 
of comparatively high efficiency, often 
utilizing between 90% and 100% of 
tlie energy expended upon them. 

204. Efficiency of overshot water wheels. 

The overshot water wheel (Fig. 172) utilizes 
chiefly the potential energy of the water at 
S ; for the wheel is turned by the weight 
of the water in the buckets. The work ex¬ 
pended on the wheel per second, in foot 
pounds or gram centimeters, is the product p IG _ 772 . Overshot water 
of the weight of the water which passes over wheel 

it per second by the distance through which 

it falls. The efficiency is the work which the wheel can accomplish 

in a second, divided by this quantity. Such wheels are very common in 

mountainous regions, where it is easy to obtain considerable fall, but 

where the streams carry a small volume of water. The efficiency is high, 

being often between 80% and 90%. The loss is due not only to the friction 

in the bearings and gears (see C ), but also 

to the fact that some of the water is spilled I 

from the buckets, or passes over without VA 

entering them at all. This may still be re- 0 H 

garded as a frictional loss, since the energy 

disappears in internal friction when the 

water strikes the ground. 

205. Efficiency of undershot waterwheels. y- IG< 173 . The undershot 
The old-style undershot wheel (Fig. 173), wheel 

so common in flat countries where there 

is little fall but abundance of water, utilize^ only the kinetic energy 
of the water running through the race from A. It seldom transforms 
into useful work more than 25% or 30% of the potential energy of the 
water above the dam. There are, however, certain modern forms of 
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undershot wheel which are extremely efficient. For example, the Pelton 
wheel (Fig. 174), developed since 1880, and now very commonly used for 
small-power purposes in cities supplied with water- f 

works, sometimes has an efficiency as high as 83%. 

The water is delivered from a nozzle 0 against KJ 

cup-shaped buckets arranged as in the figure. H O 

206. Efficiency of water turbines. The turbine yO 

wheel was invented in France in 1833, and is now ———nr^ jHT~y<i 
used more than any other form of water wheel. 

It stands completely under water in a case at 

,r 1 i, f 7 • .. , • i Fig. 1/4. The Pelton 

the bottom of a turbine pit, rotating m a hon- , 

, , , ° . water motor 

zontal plane. Fig. 17o show r s the method of in¬ 
stalling a turbine at Niagara. C is the outer case into which the 



Fig. 175. A turbine 
installed 


water enters from the penstock p. Fig. 176, 
(1), shows the outer case with contained 


( 1 ) 



Fig. 176. The turbine wheel 

(1) Outer case; (2) inner case; (3) rotating 
part; (4) section 


turbine ; Fig. 17G, (2), is the inner case in which are the fixed guides (!, 
which direct the water at the most advantageous angle against the blades 
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of the wheel inside ; Fig. 17G, (3), is the wheel itself ; and Fig. 176, (4), 
is a section of wheel and inner case, showing how the water enters 
through the guides and impinges upon the blades W. The spent water 
simply falls down from the blades into the tailrace T (Fig. 175). The 
amount of water which passes through the turbine can be controlled 
by means of the rod P [Fig. 17G, (1)], which can be turned so as to 
increase or decrease the size of the openings between the guides G 
[Fig. 17G, (2)]. The energy expended upon the turbine per second is 
the product of the mass of water which passes through it by the height 
of the turbine pit. Efficiencies as high as 90% hare been attained with 
such wheels. One of the most powerful turbines in existence is at 
Shawenegan Falls, Quebec, Canada. The pit is 135 feet deep, the wheel 
10 feet in diameter, and the horse power developed 10,500. 

QUESTIONS AND PROBLEMS 

1. If it is necessary to pull on a block and tackle with a force of 100 
lb. in order to lift a weight of 300 lb., and if the force must move 6 ft. 
to raise the weight 1 ft., what is the efficiency of the system ? 

2. If the efficiency had been 65%, what force woidd have been neces¬ 
sary in the preceding problem ? 

3. The largest overshot water wheel in existence is at Laxey, on the 
Isle of Man. It has a horse power of 150, a diameter of 72.5 ft., and an 
efficiency of 85%. How many cubic feet of water pass over it per second ? 

4. The Niagara turbine pits are 136 ft. deep and their average horse 
power is 5000. Their efficiency is 85%. How much water does each 
turbine discharge per minute? 

5. There is a Pelton wheel at the Sutro tunnel in Nevada which is 

driven by water supplied from a reservoir 2100 ft. above the level of the 
motor. The diameter of the nozzle is about ^ in., and that of the wheel 
but 3 ft., yet 100 II.P. is developed. If the efficiency is 80%, how many 
eubic feet of water are discharged per second ? , 

Mechanical Equivalent op Heat* 

2071 What becomes of wasted work? In all of the devices 
for transforming work which we have considered we have 
found that on account of frictional resistances a certain per 
cent of the work expended upon the machine is wasted. The 

* This subject should he preceded by a laboratory experiment upon the "law 
of mixtures,” and either preceded or accompanied by experiments upon specific 
heat and mechanical equivalent. See authors’ manual, Experiments 18,19, and 20. 
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question which at once suggests itself is, " What becomes of 
this wasted work ? ” The following familiar facts suggest an 
answer. When two sticks are vigorously rubbed together they 
become hot; augers and drills often become too hot to hold ; 
matches are ignited by friction; if a strip of lead be struck a 
few sharp blows with a hammer, it is appreciably warmed. 
Now since we learned in Chapter IV that, according, to modern 
notions, increasing the temperature of a body means simply 
increasing the average velocity of its molecules, and therefore 
their average kinetic energy, the above facts point strongly to 
the conclusion that in each case the mechanical energy ex¬ 
pended has been simply transformed into the energy of molec¬ 
ular motion. This view was first brought into prominence in 
1798 by Benjamin Thompson, Count Rumford, an American 
by birth, who was led to it by observing that in the boring of 
camion heat was continuously developed. It was first care¬ 
fully tested by the English physicist, James Prescott Joule 
(1818-1889), in a series of epoch-making experiments extend¬ 
ing from 1842 to 1870. In order to understand these experi¬ 
ments we must first learn how heat quantities are measured. 

208. Unit .of heat — the calorie. A unit of heat is defined 
as the amount of heat which is required to raise the temperature 
of 1 gram of water through 1° centigrade. This unit is called 
the calorie. Thus, for example, when a hundred grams of water 
has its temperature raised four degrees, we say that four hun 
dred calories of heat have entered the water. Similarly, when 
a hundred grams of water has its temperature lowered ten 
degrees, we say that a thousand calories have passed out of 
the water. If, then, we wish to measure, for instance, the 
amount of heat developed in a lead bullet when it strikes 
against a target, we have only to let the spent bullet fall into 
a known weight of water and to measure the number of 
degrees through which the temperature of the water rises. 
The product of the number of grams of water by its rise in 
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temperature is then, by definition, the number of calories of 
heat which have passed into the water. . 

- It will be noticed that in the above definition we make no 
assumption whatever as to what heat is. Previous to the nine¬ 
teenth century physicists generally held it to be an invisible, 
weightless fluid, the passage of which into or out of a body 
caused it to grow hot or cold. This view accounts well enough 
for the heating which a body experiences when it is held in 
contact with a flame or other hot body, but it has difficulty 
in explaining the heating produced by rubbing or pounding. 
Rumford’s view accounts easily for this, as we have seen, while 
it accounts no less easily for the heating of cold bodies by con¬ 
tact with hot ones ; for we have only to think of the hotter and 
therefore more energetic molecules of the hot body as com¬ 
municating their energy to the molecules of the colder body 
in much the same way in which a rapidly moving billiard ball 
transfers part of its kinetic energy to a more slowly moving 
ball against which it strikes. 

209. Joule’s experiment on the heat developed by friction. 

Joule argued that if the heat produced by friction, etc. is 
indeed merely mechanical energy which has been transferred 
to the molecules of the heated body, then the same number 
of calories must always be produced by the disappearance of 
a given amount of mechanical energy. And this must be 
true, no matter whether the work is expended in overcoming 
the friction of wood on wood, of iron on iron, in percussion, 
in compression, or hi any other conceivable way. To see 
whether or not this were so, he caused mechanical energy to 
disappear in as many ways as possible and measured in every 
case the amount of heat developed. 

In his first experiment he caused paddle wheels to rotate in a vessel 
of water by means of falling weights W (Fig-177). The amount of 
work done by gravity upon the weights in causing them to descend 
through any distance d was equal to their weight IK times this distance. 
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It' tin 1 , weights descended slowly utid 1111 i 1 1 1 1 n 1 1 \, ihi. wmk w.i. all 
expended ill nveiToiiiiug' Mm resistance ol t li<- wat-m t" Mm m<>h.>n nf 
1.1 u>, paddle. wheels 11 1 run s.j;1i it: Mini' D, it w.i. 1 ' 1 1 m 1 *M1 \ eniient. 
in Min wnt.iT. Joule measured 
Mm rise in Mm temperature nl' 

Min witl.i'i* iinil I'liiiml Mint' tlm 
mean nf his three Imst. trial:: 
gave. '127 gram meters ns Mm 
nniimnl. uf wurk ri‘i|iiirrcl In 1 1«■ 
velop (‘noun'll Imnl' In raise a gram 
nt water mm decree. lie limn 
repeated Mm experiment, snhsli 
huting mercury tor water, and 
ohLaiimd 12fi gram nmlers ns Mm 
work necessary to |>rn<lime a eal 
orie. of heal.. 'The iliITereime he- 
inve.en these ininihers is less Minn w.i'. In h.n<- 1 •* * * 11 ■•v p> d s i.-u t Mm 
nnaviiidalihi errors in tlm ohsen nt imi... lie limn d>wi >d an .mainr 
lnent. in which t.lm heat, was (le\eln|>ed 1*\ Mm liieimii ol nmi mi imu, 
and again nhl.ained llih. 

210. Heat produced by collision. A Kiviirlimmi In tin-name 

of Him was Urn lirst. to make a careful deicnumat imi ul’ tlm 
relation between 11 hi heal. developed In and tlm kim-tic 

energy which disappears, lie allowed a .steel cylinder iu kdt 
through a known height and crush a lead hall In its impact 
upon it. The, a,mount of heal, developed in the lead was mniv 
uml hy observing the rise in (emperaf iuv of a .mall annum! of 
water into which the lead was iptirklv plunged. As the mean 
of a large, number of (rials he also found that !:!.*» -pain mrU-m 
of energy disappeared for each calorie of heat which appealed. 

211. Heat produced by the compression of a gas. Another 
way in which Joule measured the relation between heat and 
work was by compressing a gas ami comparing ihe amount 
of work done iu the eouipressinu with the amount id heat 
developed. 

Every hieyelist is aware of the fact that when he iutlutes his 
tiros the pump grows hot. This is due partly to the friction of 



Km., 177. .Ii.iii,-' in I >■ i im.-ni ,-n 
I In- Hindu m, .d i• i ji:r,. 1 1 1 • j! 1 . •! In ,U 
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tlii* piston against, the. walls, hut, ehietly t,u the l'acl, that, the 
downward motion of tin* piston is i ransferivd to l.hn moleeu l<ts 
which come in contact, with it, so (lull, the velocity of those 
molecules is increased. The principle is iirceiscly the same 
as that involved in the velocity eDiunumieated to a ball by a 
hat. II lh(‘ bat. is held rigidly lixed and a ha,11 thrown against 
it, the hall rebounds with a, certain velocity; but if the bat, 
is moving rapidly forward to meet, the hall, the 
latter rehounds with a much greater velocity. 

So the molecules which in their natural mot,ions 
collide with an advancing piston, rcbyuud with 
ip-eater udoeits than they would if (hey had 
impinged upon a list'd wall. This increase in 
the molecular seloeity of a gas on compression 
is so great that when a mass of gas at. 0" centi¬ 
grade is compressed to one half its volume the 
temperature rises to N7" centigrade. 

The i-lt’cct. ma\ he :,l i'iI,ill” ly illlistnilnl |y t,he lire 
iiu:;e (Kir,. l’/S). I.d, a few ,lmp.-; of c.-u-bmi hi.su] , 7s> T | u , 

pli'ule he |ilaeed mi a small hit, of cotitui, <Ie<>p[><•<l to the || n , rin*. 0 
hiitlinii nt' the I ill if .1, a lit! (lieu ivmmeil; then let, I,lie 
Ilio)101 !', he ill'ieHeil soul \i-r\ suddenly di-pmsscd. Sutlieient, heat, will 
he ihwelupeil In i• • n11e the vapor ami a Hash will result. (It the Hash 
dne; uni, re:.nil I'mm the lirot, stroke, withdraw the piston completely,- 
thee reiu-;erl, ami compress again.) 

To measure the heat, of compression .Ionic surrounded a, 
small compression pump with water, look 300 strokes on (he 
pump, and measured the rise in lempcraliuv of the wafer. As 
(he result of these measurements he obtained -I 1-1 gram meters 
as (lie " mechanical equivalent” of (lie. calorie. The ex peri imp if, 
however, could not be performed with great, exactness. 

212. Cooling by expansion. .Ionic also obtained the rela¬ 
tion lie!ween heat and work from experiments on the cooling 
produced by expansion. This process is exactly the converse 
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of heating by compression. Ii a compressed pas is allowed (o 
expand and loree out a piston, or merely to expand against, 
atmospheric pressure, it is always louud In he cooled hy the 
process. 'Flu's is heeause (he kinetic energy ol‘ the undeeiiles 
is transferred |.o tint pislnu, so (hat the loriuer rebound Iront 
the latte.r with less velocity Ilian they lunl before the blow. 
r .Fhe. refrigerators list'd on shipboard are pood illustrations 
this principle. Air is compressed hy an engine to perhaps 
one fourth its natural volume. The heat generated In the 
compression is then removed by causing the air to circulate 
about pipes kept cool lw the flow ul cold water through them. 
This compressed air is (hen allowed to expand into the re hip« 
erating chamber, the temperature of which is thus lowered 
many degrees. 

Joule’s determination of the meehanieal equivalent of heat 
from the amount of work done by an expanding gw-- and the 
amount of heat lost in expansion gave 127 gram meters. 
This experiment also was one for which no great amount of 
exactness could he claimed. 

213. Significance of Joule’s experiments. Joule made three 
other determinations of the relation between heat and work 
by methods involving electrical measurements, lie published 
as the mean uf all his delermimitions 42d. 1 gram meter.'; us 
the mechanical equivalent of the calorie. Hut the value 
of his experiments dues nut lie primarily iu the accuracy of 
the final results, hut rather iu (he proof which they for the 
first time furnished that whnirrrr a t/irrn amount of ir»rh in 
wanted , no matter in, what particular mat/ thin irustc mat/ ..,vnr, 
there in alwa//n an a/i/iraramr uf (hr nu/m definite inruriuh/e 
amount of heat. 

The most, accurate determination of the meelianie.il equiva¬ 
lent of heat was made hy Rowland ( 1 s IS tool , i n ] ,s,su 
at Johns Hopkins University. He. obtained 127 gram meters 
(4.1b xlO 7 ergs). We shall generally take it as 12,01)0,1)1)1) ergs. 
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214. The conservation of energy. We arc, now in a position 
(o stole (lie law ol all machines in its most general form; flail 
is, in such a wav ns to include even the cases where friction 
is present. If is: The work done hi/ l fir actiiu/ force. is ct/nal to 
the nun oj the lunette and potential enen/ies stored, vp plus the 
mechanical ctpiiralcnt of the heat developed. 

In oilier words, n'heneccr cncn/tf is expended, an a -machine or 
dectec oj ant/ fund , an exactIt/ t-t/nal amount, of enenjif alwa-t/s 
ap/>cars either a, s* -useful work or as heat. The useful work may 
1 x* represented in (he potential energy of a, lifted mass, as 
when water is pumped up to a reservoir; or in the kinetic 
energy of a moving mass, as when a stone is thrown from a 
sling; or in the potential energies of molecules whose posi¬ 
tions with reference to one another have been changed, as 
when a spring has been bent,; or in the molecular potential 
energy of chemically separated atoms, as when an electric 
current separates a compound substance. The wasted, work 
always appears in the form of increased molecular mot,ion; 
that- is, in (he form of heat- 'This important generalization 
has received the mime of the Principle of the (lonsereation. of 
Pnen/i/. It, may be stated thus: h'nert/t/ -mat/ he transformed ’, 
hut it can neeer he created or destroi/cd. 

215. Perpetual motion. In all ages there have been men 
who have spent, (heir lives in trying to invent a machine out 
of which work could be continually obtained, without the, ex¬ 
penditure of an equivalent amount, of work upon it- Such 
devices are called perpetual-motion machines. Even to this 
day (he Ibiited Stall's patent office annually receives scores 
of applications for patents on such devices. The possibility 
of (he existence of such a device is absolutely denied by the 
statement- of the. principle of the. conservation of energy. For 
only in ease there, is no heal, developed, that, is, in ease (.here 
are no frictional losses, can the work taken out, be equal to 
flu* work put, in, and in no ease, can it, be greater. Since, in 
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fad, there arc always some frictional losses, the principle nf tin- 
conservation of energy asserts that- it is im[><• iI> 1 <• to make a 
machine which will keep itself riimbny tore\er, r\rn llmnpli it, 
docs no useful work ; for no matter how mm h I,inn ir m- p.,ini¬ 
tial encrufy is imparted to the machine to hop; in with, there 
must always ho a eonhim ml itrain upon t his ennp\ t o < <\ ernmm 
frictional resistances; so (hat, as soon as the vva-dod work has 
become equal to the. initial enerp'v, the machine must stop. 

The tirst man to make, a formal and complete .statement of 
the principle nf the rnnservatinn ol oinTpv u;e- the tn-nnaii 
physician Robert Mayer, whose work was pnhli died in 1 I’J. 
Twenty years later, partly through the theoreiie.il wriimpN 
of Helmholtz and (■lansins in dormam, and of Kelvin and 
Rankine in England, hut more especially 1 humph the e\peri 
men ltd work of -Ionic, (he principle had -mined universal 
recognition and had taken (lie place whieh it now hold, a-, 
the corner stone of all physical science, 

216. Transformations of energy in a power plant. Tie- tout n-ou.t 
lions of energy which l.nla- place in any pou»r plant, n--n a that al 
Niagara, arc as follows: The energy lii.-t ext .1 , a ■ tie- p -t- mial i -,--i p, 
of the. Will.er at- die top of tin- la I Is. Thi ; i • 1 1 an f- -t :n> -t ut tie- t in Oi ue 
pits into the kinetic energy of the rot at ice 1 , v, h-« 1 The -• I in l-im-, 
drive dynamos in which there is a transform.itt--n sun- th>- - u- s -v >.f 
electric currents. These currents travel mi wile, a- fat a. .'ni.eii 
lf)0 miles away, where they rim .street car. ami "tin s t>>nn -*t im-i--i , 
The. prilicifile of conservation of energy ;r..nt, liiat in,- it!.- h u hi-'h 
gravity did upon the water in eausing it. (.• d-- . i ii-t fi--m tin- i -p t,< the 
liottnm of the turhinc pits is exactlv eipml to the v,m 1. d.-m- I--, a!t the 
motors, |tliis the heal, developed in all tlm win . and b. .u m - , ao-l in 
the eddy currents in the water. 

Let us next consider where the water al the top of the tali. .-i-f.um d 
its potential energy. Water is being centime.ilk t \.tp--i.it* -i at tin an 
face, nf the ocean by the sun’s Iwal. This heal tmp.u l , -mb-i-m l.im ti-- 
energy to the molecules to enable llmm to l-ieal, .uva-. I.. tire a ilue¬ 

tic > ns of tlu-ir fellows and to rise above th*- uefa--,- so the m-to .<> .ap..i. 
The lifted vapor is carried by winch, *ner the e..»itim m a.mi pi. --ipcfaied 
iu llus form of miu or snow. Tints the potential >no • w lie- \\at* i 
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ihove the fulls al. Niagara is .simply (.raiiHforuic.il heat energy of the 
uin. It, in (1 1 is wav, we analyze any available, sou roe. oE energy at 
nan’s disposal, we find in praefieally every ease. that, it in directly traee- 
ilde to the sun’s heat, as its source. Thus flu* energy e.oiit,aim'd in coal 
:s simply the energy id separation of the oxygen and carbon which were, 
ie pa rated in the processes of growth. This .separation was effected by 
die sun’s rays. 

We can lorni some conception of the enormous amount of energy 
uhieh the sun radiates in the form of heat, by rellee.fing that of this heat 

[he earth receives not, more than . . (|(| () () Iuirt,. Of the amount 

received by the earth not. more than |() ' ()() part, is stored up in animal 
tnd vegetable lite and lilted water. This is praefieally all of the, energy 
which is available on the earth for man’s use. 


QUESTIONS AND PROBLEMS 

1. Analyze the transformations of energy which occur when a bullet 
is tired vertically upward. 

2. Show that the energy of a wafer fall is merely transformed solar 
energy. 

3. How tunny calories of beat, are generated by the impact of a 
tint) Kilo bowlder when it falls vertically through 100 m. V* 

4. Thousands of meteorites are falling into (.lie sun with enormous 
\ ehicilies e\er\ minute. Kmm a consideration of the preceding example 
account, for a portion, at least, of the sun’s heat,. 

5. The Niagara Kails are 100 ft,, high. How much warmer is flic 
water at. the bottom of Hie falls than at. the top? 

U, Why does air escaping' from a bicycle fire feel cold? 


2X7. Definition, of specific heat. When wo oxjiorimenl, upon 
(lilTorotil. siihslniioes wo find (hat, it. roqitiro.s wholly (lilTo.roiil, 
amounts of liotif etioroy to jinuluc.o. in olio, gram of mass ono. 
(lo*.fi'oo of oliitiiini in tomporaturo. 

Let. tilt) g. of lead siiof be placed ill OIK’ test, tube, 100 g. of bits of 
iron wire in another, and long, of aluminium wire in a third. Let, 
them all be placed in a pull of boiling waiter for feu or lift,ecu minutes, 
care being taken not to allow any of the wafer to eider any of the tubes. 
Let, three small vessels be provided, each of which contains lOOg. of 
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water at the temperature of the room. Let the heated shot be ponied 
into the first beaker, and after thorough stirring let the rise in the 
temperature of the water be noted. Let the same be done with the 
other metals. The aluminium will be found to raise the temperature 
about twice as much as the iron, and the iron about three times as 
much as the lead. Hence, since the three metals have cooled through 
approximately the same number of degrees, we must conclude that 
about six times as much heat has passed out of the aluminium as out 
of the lead; that is, each gram of aluminium in cooling 1° C. gives out 
about six times as many calories as a gram of lead. 

The number of calories taken up by 1 gram of a substance 
when its temperature rises through T C., or given up ivhen it 
falls through T Q., is called the specific heat of that substance. 

It will be seen from this definition, and the definition of the 
calorie, that the specific heat of water is 1. 

218. Determination of specific heat by the method of mix¬ 
tures. The preceding experiments illustrate a method for 
measuring accurately the specific heats of different substances. 
For, in accordance with the principle of the conservation of 
energy, when hot and cold bodies are mixed, as in these ex¬ 
periments, so that heat energy passes from one to the other, 
the gain in the heat energy of one must be just equal to the loss 
in the heat energy of the other. 

This method is by far the most common one for determin¬ 
ing the specific heats of substances. It is known as the method 
of mixtures. 

Suppose, to take an actual case, that the initial temperature of the 
shot used in § 217 was 95° C., and that of the water 19.7°, and that, after 
mixing, the temperature of the water and shot was 22°. Then, since 
100 g. of water has had its temperature raised through 22° — 19.7° = 2.3°, 
we know that 230 calories of heat have entered the water. Since the 
temperature of the shot fell through 95° - 22° = 73°, the number of 
calories given up by the 100 g. of shot in falling 1° was ^ = 3.15. 
Hence the specific heat of lead, that is, the number of calories of heat given 
up by 1 gram of lead when its temperature falls 1 ° C. is 3,15 = .0315. 
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Or again, we may work out tlie problem algebraically as follows: 
Let x equal the specific heat of lead. Then the number of calories which 
come out of the shot is its mass times its specific heat times its change in 
temperature ; that is, 100 x x x (95 — 22),and, similarly, the number which 
enter the water is the same, namely 100 x 1 x (22 — 19.7). Hence we have 

100 (95 - 22) x = 100 (22 -19.7) or a- = .0315. 

By experiments of this sort the specific heats of some of the 
common substances have been found to be as follows: 


Table of Specific Heats 


Aluminium . . 

.218 

Iron. 

. . . .113 

Brass .... 

.094 

Lead. 

. . . .0315 

Copper . . . 

..... .095 

Mercury. 

. . . .0333 

Glass .... 

. 2 

Platinum. 

. . . .032 

Gold .... 

.0316 

Silver ...... 

.. . . .0568 

Ice. 

.504 

Zinc. 

. . . .0935 


QUESTIONS AND 

PROBLEMS 



1. Why is a liter of hot water a better foot warmer than an equal 
volume of any substance in the preceding table ? 

2. Which would be heated more, a lead or a steel bullet, if they were 
fired against a target with equal speeds ? 

3. If 100 g. of mercury at 95° C. are mixed with 100 g. of water at 
15° C., and if the resulting temperature is 17.0° C., what is the specific 
heat of mercury ? 

4. A 10-g. bullet of lead is shot from a gun with a velocity of 400 m. 
per second. Through how many degrees centigrade is its temperature 
raised when it strikes a target? (Assume that all of the heat stays in 
the bullet.) 

5. From what height must a block of lead fall in order to have its 
temperature raised through 1° C. ? 

6 . If 200 g. of water at S0° C. are mixed with 100 g. of water at 
10° C., what will be the temperature of the mixture ? (Let x equal the 
final temperature; then. 100 (x - 10 ) calories are gained by the cold 
water, while 200 (80 — x) calories are lost by the hot water.) 

7. What temperature will result if 300 g. of copper at 100° C. are 
placed in 200 g. of water at 15° C. ? . 

8 . The specific heat of water is much greater than that of any 
other liquid or of any solid. Explain how this accounts for the fact 
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that an island in mid-ocean undergoes less exiivun- < ><i tentj.riiiini'o 
than an.inland region. 

9. How many ghums of io.e-enld \val»*r mn-d he j'"m> d into a tunc 
bier weighing IKK) g., to eool it from liU'C. to UuT,, I hr brat 

of glass being ,‘J Y 

10. If you pul a 120 g. silver spoon at-lid (‘. into a i ,>n ee. cup of {.-a 
at 7t) 0 C., how much do you eool tln» tea? 

I ClIANUK OK STATK 1'VstoN * 

219. Heat of fusion, ff on a cold dav ill winter ,i »ju.mtif\ of >no\v 
is brought in from out of doors, where the tein[>eiutui<- i> i<> l>*w u 
and placed over a source of beat, a thermometer (ilme;> ,| mto ih«< -.now 
will be found to rise slowly until llm leuipcruture ir.t.'io o r , V \ hen it. 
will become stationary and remain so during nil tin- turn* that the oitow 
is melting, provided only that the contents of the n .-.el .«>« i.-uhim 
ously and vigorously stirred. As soon us the miow D all u,<l!<<I the 
tonipcratnro will begin to rise again. 

Sinoo the temperature of ire at U"‘ I'. is tin* miiih' as llm 
temperature of water at, 0” (b, if is evident from ihiu e\jwi imenf 
that when ioo is being changed to water, the mil ranee of heat 
energy into it does not prodneu any eliuuge in the average 
kinetic energy of its molecules. This riiergv tuuM therefore 
all bo expended in pulling apart the molecules of the <rvMab; 
of whieli the iee is composed and thus redueing it In a form 
in which the molecules are held together less iutinmieh ; that 
is, to the liquid form. In other words, the rnrrgv vv hieh existed 
in the flame as the kinetic energy of mnleetiiur umiion has 
been transformed, upon passage into the melting solid, into 
the potential energy of molecules which have been pulled 
apart against the force of their mutual attnwl ion. Th, munhrr 
of calories of heat enew/i/ I'eifmiwd ti* writ twr i/niw <a tin if nnh 
Stan oe without pnotlut’un/ ant/ ehtint/e in it a trm pauit nfr in riitlnl 
the heat of fusion, of that sahstaner, 

* subjw.fc should lm preceded by n laboratory wi the mn>< or 

cool lug through the point of fusion, and followed hy n iletermtitaUmt ><f the boat 
of fusion of loo. Boo, for example, KxixirlmniitN ”1 and X! of ib« autbor^ unomal. 
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220. Numerical value of heat of fusion of ice. Since it is 
found io require about SO times as long for a given llame to 
melt a quantity <>f snow as to raise, the melted snow through 
1°(’ M we conclude that it requires ahout SO calories of heat 
to melt 1 g. of snow or ice. 'This constant is, however, miujh 
more accurately determined by the method of mixtures. Thus, 
suppose thiil. a piece of ice. weighing, for example, 181 g. is 
dropped into 500 g. of water at *10" (h, and NUppo.se that after 
tin* ire is all melted the temperature of him mixture is found 
to he. 15"(\ The number of calories which have come out of 
the water is 500 X (40 -15) , 12,500. But 1.81 x 15 *= 1955 
calories of this heat must have been used in raising the ico* 
from 0"C. to 15" (\ after it, by melting, became water ill 0°. 
The remainder of him heat, namely 12,500 -1905 c=10,585, 
must have been used in melting the 181 g. of ice,. Hence the 
number of calorics required to melt 1 g. of iee is 1 fj 5 :-= 80.4. 

To stale tin', problem algebraically, let # ~ the heat of fusion 
of iee. Then we have . 

181 w f 1905 ..--12,500 ; that is, -x ^ 80.4. 

Accor dint t to the-most rnrcfid determinations the heat, of fusion 
of iee in 80.0 ctdories, 

221. Heat given out when water freezes. Let snow and salt ho 

added to a beaker of water until the temperature) of tlm liquid mixture 
in us low an —10" tk or — UP (5, Then lei a tent tube containing a ther¬ 
mometer and a quantity of pure water lm thrunt into the eold delation. 
If the thermometer is kept very quiet, the temperature of the water in the 
teat, tube will fall four or live, or even ten, degreed below ()"(!. without 
producing Koiidiflcatinn. But am hoou oh the thermometer in dlirred, or a 
Hinull eryntul of iee in dropped into the aeelc of the tube, the iee oryalald 
will form with great HuddetuieHH, and at the dame time the thermometer 
will ride to where it will remain until all the water id frozen. 

The experiment shows in a very striking way.that the proc¬ 
ess of freezing is a heat-evolving process. This was to have 
been expected from the principle of the conservation of energy; 
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for since it takes 80 calories at heat enorgy to turn a //ram t>j ire 
at 0° 0. into water at 0° il, this amount of men/// must reap year 
when the water turns back to ice, 

222. Utilization of heat evolved in freezing. The heat given 
off by the freezing of water is often turned t*» practical 
account; for example., tubs of water are some!hues planed 
in vegetable cellars to prevent, t lm vegetables I nun ireezing. 
The effectiveness of this procedure is due to the iaet that, the 
temperaturo at which tlio vegetables freeze is slightly lower 
than 0°0. As the temperature of the cellar fails the water 
therefore begins to freeze first, and in so doing evolves enough 

.heat to prevent the temperature of the room from falling us 
far below 0° C. as it otherwise would. 

It is partly because of the heat, evolved by the freezing of 
large bodies of wafer that the temperature never fulls so low 
in tlio vicinity of large, lakes as if does in inland loealities. 

223. Latent heat. Before the time of Joule, when heat was 
supposed to he a weightless (luitt, the heat which disappears in 
a substance when it melts and reappears again when it solidities 
was called latent or hidden heat. 'Pints water was said to have 
a latent boat of 80 calories. This expression is still in eommoit 
use, although, with the change which has taken plaee in our 
views of the nature of heat, its appropriateness is entirely 
gone. For the heat energy which is required to ehange a sub¬ 
stance from a solid to a liquid does not exist within the liquid 
as concealed or hidden heat energy, hut has, instead, ceuxnl to 
exist as heat energy at all, having been transformed into tlm 
potential energy of partially separated molecules; that, is, 
latent heat represents the work which has been dime in effecting 
the change of state, 

224. Melting points of crystalline substances. If a piece of 
ico is placed, in a vessel of boiling water for an instant and 
then removod and wiped, it will not he found to he in the 
slighted degree warmer than a piece of ice which has not been 
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exposed to the heat ol llu*. warm water. The melting point of 
ice is therefore a perfectly fixed, definite temperature, above 
which the ice can never be. raised so long as it remains iee, no 
matter how fast beat is applied to it. All crystalline sub¬ 
stances are found (o behave exactly like ie.e in this respect, 
each substance of this class having its characteristic melting 
point. The following table gives the. melting points of some 
of the commoner crystalline substances: 


Mercury . 


Sulphur 

I l-I" ( !. 

Silver 

. 1)5-1' 

let* . . . 

0 “ 

Tin . . . 

. 2:i:t “ 

Cupper . 

. 1100 

Benzine . 

7 u 

I.cad . . 

. .'!:!<) » 

CuhI iron 

. 1200 

Acetic acid 

17 .. 

Zinc . . 

. *1 :i:t “ 

Platinum 

. 1775 

Parallln . . 

M “ 

Aluminium 

. (ifiO “ 

Iridium . 

. 1050 


Wo may summarize the experiments upon melting points of 
crystalline substances in the two following laws: 

1. The temperature* of xolidijleudon and offuxion. are the Mime. 

2. The temperature of the •meltini/ or xolidififiut/ xubxtane.e, 
remainx eonxtunt front the ■moment at whieh •melt in </ or xolidi- 
Jieation betpnx until the proeexx ix eumpleted, 

225. Fusion of noncrystalline or amorphous substances. Let 
the end of a ghiHH rod he held in a Huuhcu flame. Instead of changing 
Htiddetdy from the Hnlid to the liquid slate, it will gradually grow Hotter 
and ho f lor until, if flu* Hume in HUllminnUy hut, a drop of molten glass 
will llmilly fall from the end of the rod. 

If the temperature of tho rod hud been measured during 
this process, it would have been found to be continually rising. 
This behavior, so completely unlike that of crystalline sub¬ 
stances, is characteristic of tar, wax, resin, glue, gutta-percha, 
alcohol, carbon, and in general of all amorphous substances. 
Such substances cannot be said to have any definite melting 
points at all, for they pass through all stages of viscosity both 
in melting and in solidifying. It is in virtue of this property 
that glass and other similar substances can be heated to soft¬ 
ness and then molded or rolled into any desired shapes. 
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226. Change of volume on solidifying. One lias only to 
reflect that ice floats, or that bottles or crocks of water burst 
when they freeze, in order to know that water expands upon 
solidifying. In fact, 1 cubic foot of water becomes 1.09 cubic 
feet of ice, thus expanding more than one twelfth of its initial 
volume when it freezes. This may seem strange in view of 
the fact that the molecules are certainly more closely knit 
together in the solid than in the liquid state; but the strange¬ 
ness disappears when we reflect that in freezing the molecules 
of water group themselves into crystals, and that this operation 
presumably leaves comparatively largo free spaces between 
different crystals, so that, although groups of individual mole¬ 
cules are more closely joined than before, the total volume 
occupied by the whole assemblage of molecules is greater. 

But the great majority of crystalline substances are unlike 
water in this respect, for, with the exception of antimony and 
bismuth, they all contract upon solidifying and expand on 
liquefying. It is only from substances which expand, or which, 
lilce cast iron change in volume very little on solidifying, that 
sharp castings can be made. For it is clear that contracting 
substances cannot retain the shape of the mold. It is for this 
reason that gold and silver coins must be stamped rather than 
cast. Any metal from which type is to be cast must be one 
which expands upon solidifying, for it need scarcely be said 
that perfectly sharp outlines are indispensable to good type. 
Ordinary type metal is an alloy of lead, antimony, and copper 
which fulfills these requirements. 

227. Effect of the expansion which water undergoes on 
freezing. If water were not unlike most substances in that it 
expands on freezing, many, if not all, of the forms of life which 
now exist on the earth would be impossible. For in winter 
the ice would sink in ponds and lakes as fast as it froze, and.' 
soon our rivers, lakes, and perhaps our oceans also would 
become solid ice. 


(WANCSE OK STATE —FUSION 


175 


Tlu'. lorn*, exerted by the expansion of freezing water is very 
groat. Steel bombs have boon burst by filling them with water 
and exposing them on cold winter nights. One of the chief 
agents in the disintegration ol rooks is the freezing and conse¬ 
quent, expansion ol water which has percolated into them. 

228. Pressure lowers the melting point of substances which 
expand on solidifying. Since the outside, pressure, acting on 
the surface of a body tends to prevent its expansion, we should 
expect, that, any increase in the outside, pressure would tend 
to prevent the. solidification of substances which expand upon 
freezing. It ought, therolore to require a lower temperature 
to freeze ice under a pressure', of two atmospheres than under 
a pressure of one. (’arcful experi¬ 
ments have', verified this conclusion, 
and have shown that, the melting 
point of ice is lowered .0075° for 
an increase of one atmosphere in 
the outside pressure. AJthough this 
lowering is so small a quantity, its 
existence may In* shown as follows: 

Let, two pieces of iee he pressed lirndy R, u . ITS). Regulation 

together beneath the surface of a vessel 

full of Warm water. When taken out, they wilt bo found to bo frozen 
together, in spile of the fact Unit, they have been immersed in a medium 
much wanner than the freezing point of water. The explanation is 
as follows: 

At the points of contact the pressure reduces the freezing paint oT 
Hie ice below OT., and hence it, melts and gives rise to a thin dim of 
water the temperature of which is slightly below 0" (!. When this 
pressure is released the film of water at oneu freezes, for its tempera¬ 
ture is below tin' freezing point corresponding to ordinary atmospheric, 
pressure, 'file same phenomenon may be even more strikingly illus¬ 
trated by the following experiment,: 

Let two weights of from fi to 10 kg. he hung by a wire over a block 
of iee as in Fig. 170. In half an hour or less the wire will be found to 
have cut completely through the block, leaving the ice, however, as 














17G 


WORK AND HEAT ENERGY 


solid as at first. The explanation is as follows: Just below the wire 
the ice melts because of the pressure; as the wire sinks through the 
layer of water thus formed, the pressure on the water is relieved and it 
immediately freezes again above the wire. 

This process of melting under pressure and freezing again 
as soon as the pressure is relieved is known as regelation. 

229. Pressure raises the freezing point of substances which 
contract on solidifying. Substances like paraffin, zinc, and lead 
which contract on solidifying have their melting points raised 
by an increase in pressure, for in this case the outside pressure 
tends to assist the molecular forces which are pulling the body 
out of the larger liquid form into the smaller solid form; hence 
this result can be accomplished at a higher temperature with 
pressure than without it. 

We may therefore summarize the effects of pressure on the 
melting points of crystalline substances in the following law: 

Substances which expand on solidifying have their melting 
points lowered by pressure , and those 'which contract on solidify¬ 
ing have their melting points raised by pressure. 

QUESTIONS AND PROBLEMS 

1. What is the temperature of a mixture of ice and water? What 
determines whether it is freezing or melting ? 

2. Why does ice cream seem so much colder to the teeth than ice 
water? 

3. What is the meaning of the statement that the heat of fusion ol 
mercury is 2.8 ? 

4. Why will a snowball" pack ” if the snow is melting, but not if it 
is much below 0° C. ? 

5. If water were like gold in contracting on solidification, what 
would happen to lakes and rivers during a cold winter ? 

6. Equal weights of hot water and ice are mixed and the result is 
water at 0° C. What was the temperature of the hot water ? 

7. Which is the more effective as a cooling agent, 100 lb. of ice at 
0° C. or 100 lb. of water at the same temperature ? Why ? 

8 . How many grams of ice must be put into 500 g. of water at 50° C. 
to lower the temperature to 10° C.? 
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(’iiangi-: of Statu—Vaporization * 

230. Heat of vaporization defined. The experiments per¬ 
formed in Chapter IV, on Molecular Motions, led us to the 
conclusion that, at the free surface of any liquid, molecules 
frequently acquire velocities sufficiently high to enable them 
to lift themselves beyond the range of attraction of the mole¬ 
cules of the liquid and to pass off as free gaseous molecules 
into the space above. They taught us further that since it is 
only such molecules as have unusually high velocities which 
are able thus to escape, the a wrape kinetic enerpp of the mole¬ 
cules left behind is continually diminished by this loss from 
tho liquid of the most rapidly moving molecules, and conse¬ 
quently the temperature of an evaporating liquid constantly 
falls until the rate at. which it is losing heat is equal to the 
rate at which it. receives heat from outside sources. Evapora¬ 
tion, therefore, always lakes place at the expense of the heat 
energy of the. liquid. The number of calories of heat which dis¬ 
appear in the formation of one pram of vapor is called the heat 
of vaporization of the liquid. 

231. Heat due to condensation. When molecules pass off 
from the surface of a liquid they rise against the downward 
forces exerted upon them by the liquid, and in so doing ex¬ 
change a part of their kinetic energy for the potential energy of 
separated molecules in precisely the same way in which a ball 
thrown upward from the earth exchanges its kinetic energy 
in rising for flu* potential energy which is represented by the 
separatum of the. ball from the earth. Similarly, just as when 
the hall falls back, it regains in the descent all of the kinetic 
energy lest in the ascent, so when the molecules of the vapor 

* It In recommended that thin subject bo accompanied by a laboratory deter¬ 
mination of tho boiling point t»f alcohol by tho direct method, and by tho vapor- 
pressure method, atid that It bo followed by an experiment upon I lie fixed points 
of a thermometer and the change of boiling point with pressure, Hoe, for example, 
Experiment?) 2H and 21 of Urn authors' manual. - 
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rcenior the liquid, they must requin nil cl tin- Kinetic energy 
which they Inst, when they parsed cut cl the liquid. \\ r may 
expod., iherefore, that, eeert/ pram >a *t,om mhn-l- ns. n mill 
generate in thin proeexn the Mine tin ml" r ></ tritiefi mux 

required to vaporize it. 


232. Measurement of heat of vaporization. T,. find H.-.mnitriy 

the number of calorics expended in the \a pm>'a<n»n. <*« i> !• ii.nl in tin* 


condensation, of a gram of "ater at luu < 
for Uvo or three minutes from an an.me., i 
Fig. 180 info a vessel emitidniim. »*u>, 
500 g. of water. We observe the inilul aid 
final IcunporuturcH ami the initial ami final 
weights of the water. If, for evaiuph-, tin- 
gain in weight of the water in !*!,.» g . w«- 
know that. 1(1.5 g. of steam lm\e b< m > «m 
densed. 11 the. rise in temperature ..f tie- 
water is from 10'* to ltd' we km<« that 
500 X (»0 - 10) 10,000 calorie* of hr.*t 

have entered the water. If x tvpie-.eut * 
the number of calories gium up b\ 1 g of 
steam in condensing, then the total h> at 
imparted to tlm water by the nmdrie.»tt<>H 
of the steam-is 10.5 x calories. This cmlen 
100°C., which is then cooled to.'lirt*. lath 

10.5 x (101) - ;ui). 1155 calories, Th.<rrf«,i 
by the water to the hmt lost by tin* *team, 

10,000 - 10,5 t + 1155, »r 


ui rapidly 

’.Ismuii in 



a >>f v.alrt 


lu 


s-- at in 4 witter nt 
'“•hu,; pvs U gives up 
•'plating the b* at gained 

have 

50*; 1 


This in tlm method usually emplmed fer Itsidinq the heat of 
vaporization. Tho nmv accepted value *»! « ..leUaut ja alld, 

233. Boiling temperature defined. If a liquid d limti-d by 
means of a flame*, if will be fmtud llnil ?!»*«». U ,» miam tem¬ 
perature above which it minimi la* raided, im ntaiSi-r !»«.« rapidly 
the heat is applied, This is the temperature u Sisdi dint* when 
bubbles of vapor form at the boltum t,f th«* am! rk* to 

the surface, growing in si/.o m they rk*. Thm temperature k 
commonly called the foiling temperature. 
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Bill a second and morn exact definition of Iho boiling point 
may bo given. 11 is (‘lour that a bubble of vapor can exist 
within the liquid only when the pressure exerted by the vapor 
within the bubble is at least equal to the atmospheric pressure 
pushing down on the. surface of the liquid. For if the pres¬ 
sure within the bubble wore less than the outside pressure, 
the bubble would immediately collapse. Therefore, the. boilintf 
paint m the temperature at which the. prexxure of the mtunited 
vapor ft rut became* etputf to the prextturc cxixtinif oiitxirfe. 

234. Variation of the boiling point with pressure. Since 
the pressure of a saturated vapor varies rapidly with the 
temperature, and Mince the boiling point has been defined 
as the temperature at which the pres¬ 
sure of the saturated vapor is equal to 
flu> outside pressure, if follows that the 
boilint/ point muxt vuri/ <tx the outxiite prex- 
xure t'uriex. 

Thus jet. a mu ml bottomed flask bo half 
filled with water and boiled. After the boiling 
lain nmfimied for a few minutes, so that the 

steam has driven out most of the air from the |^i_ Lowering the 

flask, let a rubber stopper be inserted, and builing point, by dimin~ 
the flask removed from the flame and inverted ishing Uni pressure) 
as shown in Fig. Isl. The temperature will 

fall rapidly below the boiling point, lint if cold water is poured over the 
flask, Urn water will again begin to boil vigorously, for the eobl water, 
by eoiidensing the steam, lowers the pressure within the flask, and thus 
enables the wafer to boil at a temperature lower than !()()"(!. The. boil¬ 
ing will eease, however, as soon hh enough vapor is formed to restore the 
pressure. 'The operation may be repeated many limes without reheating. 

At the city of Quito, Founder, water boils at 1)0° (1,, and 
on the fop of Ml. Blanc if boils at 84“ (!. On the other 
hand, in the boiler of a steam engine in which the pressure 
is 100 ih. to the square inch, the boiling point of tlio water 
is lfnT’d. 
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235. Evaporation and boiling. Tim only t*.sst*uiial difference 
between evaporation and boiling is that the former consists in 
the passage of molecules into the vaporous condition from the 
free surface only , while the latter consists in the passage of the 
molecules into the vaporous condition both at the five surface 
and at the surface of bubbles which exist within the body of 
the liquid. The only reason that vaporization takes place so 
much more rapidly at the boiling temperature t han just below 
it is that the evaporating surface is enormously increased as 
soon as the bubbles form. The reason the temperat ure cannot 
be raised above the boiling point is that the surface always 
increases, on account of the bubbles, to just such an extent 
that the loss of heat because of evaporation is exact ly equal 
to the heat received from the lire. 

236. Distillation. Let water holding in .solution Home aniline dye 
be boiled in B (Fig. 1812). The. vapor of the liquid will pass into the 
tube T, where it will be condensed by the cold water which in kept 
in continual circulation through the jacket ./. The rondeimed water 
collected in P will be stum to be free 
from all traces of tins color of tint 
dissolved aniline. 

We learn then that when solids 
are dissolved in lupoids the vapor 
which rises from the solution con¬ 
tains none of the dissolved mh- 
stance . Sometimes it is the pure 
liquid in P which is desired, as 
in the manufacture of alcohol, 
and sometimes the solid which remains in /f, as in the manu¬ 
facture of sugar. In the white-sugar industry it is necessary 
that the evaporation take place at a low temperature, so that 
the sugar may not he scorched. Ilcnco the boiler is kept par¬ 
tially exhausted by means of an air pump, thus enabling the 
solution to boil at considerably reduced temperatures. 
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237. Fractional distillation. When both of the constituents 
of a solid ion arc volatile, as in the ease of a mixture of alcohol 
and water, the. vapor of both will rise from tin*, liquid. But 
the one. which has the. lowin’ boiling point, that is, the higher 
vapor pressure, will predominate. Hence, if we. have in U 
( Fig. 18:1) a .solution consisting of f)0';v alcohol and f)0% water, 
it is clear that we can obtain in /', by evaporating and con¬ 
densing, a solution containin'; a much larger percentage of 
alcohol. By repeating this operation a number of times we 
can increase the purity of the alcohol 'Phis process is called 
fractional ilUtUIation. 'The boiling point, of the mixture lies 
between the. boiling points of alcohol and water, being higher 
the greater the percentage of wafer in the solution. 


QUESTIONS AND PROBLEMS 

1. After water has been "brought to a litiil,” will ('Kgs become hard 
any quicker when the flame is hij^B than when it is low? 

2. Tin* hot. wafer which leaves a steam radiator may be as hot as 
the steam which entered it. Bow then has the room been wanned? 

3. How much heat is given up by MO g. of steam at 100" (k in con¬ 
densing to water at. the same temperature V 

4. A vessel contains MOO g. of water at 0" (l and 1M0 g. of ice. 
If 2o g. of steam are condensed in it, what, will he the resulting 
temperature? 

5. I low many calories are given up by MO g. of steam at lOO"(k in 
condensing and then cording to 2U“tk? How much water will Huh steam 
raise from ltl"(k to 20" (k ? 

8, Why do fine hubbies rise in a vessel of wafer which is being 
heated long before t lie boiling point is reached ? IIow can you distinguish 
between this phenomenon and boiling? 

7. When water is boiled in a deep vessel it will be noticed that the 

hubbies rapidly increase in size as they approach the surface, (live two 
reasons for this. . 

8. Why does steam produce so much more severe boms than hot 
water of tin* same temperature V 

9. Why in winter does not all the snow melt. at. once as soon as the 
temperature of the air rises above 0" (k? 

10. Explain how freezing and thawing disintegrate rocks. 
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11. In the fall wo expect. fYnst mi flour uivtlit ^ uh**»i tin* d»*w punt in 
low, but not <m eluudy nights whou tho d«*\\ pmul i. high ( >nt \ 1 ui wt 
any reason why a largo deposit of dow will poout tho ti*iu|«*iuiim* ,,f 
tho, air from falling very low? 

12. Why dooH Urn distillation of a mixtuiv «.f ulodud uud water 
always result to Homo extent. in a mi\ltiro >»t uloidud utid waU-i i 

13. A fall of 1'-’ (L in tho boiling point, m nitr><d t<\ liuiig {Hid ft. 
How hot is boiling wator at Denver, otMii) It. abort* m-h lewd ,* 

14. How may wo obtain pun* ilriuking wui<w fnon m u wale?? 

A UTII'MCI A L (‘oni.lXtt 

238. Cooling by solution. Lot a handful of *‘iitittin*u .-.alt hr* placed 
in a small beaker of wator at flu* temperature of tho and stirred 

with a thermometer. The temperature will fall m-omuI dego-c*,. If *-«pmi 
weights of ammonium nilraio and wator at Id ' (\ an* mixed, tho toni|HW' 
ature will fall as low as — It)'If tho wator i*. tu*.ul> at n t’. whou tho 
ammonium nitrate is addod, and if flu* stirring i*» il«»u«* with u ted tube 
partly filled with ieo-onld water, tin* water in the tube will bo fin/on. 

These experiments show that the breaking up of tho cry stain 
of a solid requires an expenditure of heat energy, us well when 
this operation is effected hy solution as hy fusion, 'The reason 
for this will appear at unee if we consider the analogy Udween 
solution and evaporation. Km* just as tin* molecules of a liquitl 
tend to escape from its surface into the air, so the molecules at 
tho surface of the salt are tending, because of their velocities, 
to pass off, and are only held hack hy the attractions of the 
other molecules in the, crystal to which they ladling. If, how¬ 
ever, the salt is placed in water, the attract ion of tin* wafer 
molecules for the salt molecules aids tin* natural \eloeifies of 
tho latter to carry them beyond Urn attraction of their fellows. 
As the molecules escape from the salt crystals two forces are 
acting on thorn, the attraction of the water molecules tending 
to increase their velocities, and the. attract inn of the remaining 
salt molecules tending to diminish these velocities, If the 
latter force laws a greater resultant effect than the former, the 
moan velocity of the molecules after they have escaped will 
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be diminished and the solution will be cooled. But if the 
attraction of the water molecules amounts to more than the 
backward pull of the dissolving molecules, as when caustic 
potash or sulphuric acid is dissolved, the mean molecular 
velocity is increased and the solution is heated. 

239. Freezing points of solutions. If a solution of one part 
of common salt to ten of water is placed in a test tube and 
immersed in a " freezing mixture ” of water, ice, and salt, the 
temperature indicated by a thermometer in the tube will not be 
zero when ice begins to form, but several degrees below zero. 
The ice which does form , however , will be found , like the vapor 
which rises above a salt solution , to be free from salt , and it is 
this fact which furnishes a key to the explanation of why the 
freezing point of the salt solution is lower than that of pure 
water. For cooling a substance to its freezing point simply 
means reducing its temperature, and therefore the mean ve¬ 
locity of its molecules, sufficiently to enable the cohesive forces 
of the liquid to pull the molecules together into the crystalline 
form. Since in the freezing of a salt solution the cohesive 
forces of the water are obliged to overcome the attractions 
of the salt molecules as well as the molecular motions, the 
motions must be rendered less, that is, the temperature must 
be made lower, than in the case of pure water in order that 
crystallization may occur. We should expect from this reason¬ 
ing that the larger the amount of salt in solution the lower 
would be the freezing point. This is indeed the case. The 
lowest freezing point obtainable with common salt in water is 
— 22° C. This is the freezing point of a saturated solution. 

240. Freezing mixtures. If snow or ice is placed in a vessel 
of water, the water melts it, and in so doing its temperature is 
reduced to the freezing point of pure water. Similarly, if ice 
is placed in salt water, it melts and reduces the temperature of 
the salt water to the freezing point of the solution. This may 
be one, or two, or twenty-two degrees below zero, according 
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.to tlic coneentration of the solution. Whether thou wo put 
the ice in pure water or in salt wafer, enough of it always 
melts to reduce the whole, mass to the freezing point of the 
liquid, and each gram of ice which units uses up HO calories 
of heat. The efficient'// of a nurture of unit anti or in />r>>diieint/ 
cold is therefore thte, sim/dj/ to the fnet tlnrt the free*! nt/ /mint of 
a salt solution is lower than that of /atre witter. 

The best proportions an 1 , three parts of snow or finely shaved 
ice to one part of common salt. If three parts of calcium 
chloride are mixed with two parts of snow, a temperature 
of — 5f>° O. may be produced. This is 
low enough to freeze mercury. 

241. Intense cold by evaporation. If, 
instead of utilizing as above the heats 
of fusion, we utilize the larger heats of 
vaporization, still lower temperatures 
may be produced (see §§ 9*2 and Iti l). 

Thus, if a cylinder of liquid curium diox¬ 
ides is placed as in Fig. 1S55 and the stopcock 
opened, sui‘.li intense cold is produced ly the 
rapid evaporation of the. liquid which rushes 
out into the*, bag that the 1 , ruptid freezes to a 
snowy solid. Tim solid itself evaporates so 
rapidly that it maintains, as long as it lasts, 
a temperature of — K0"(1. If a little of this solid is plaeed in a beaker 
containing citlum, and Urn mixture* is stirred with a test tube filled with 
mercury, tlm mercury will be frozen solid. Tlmehief function of the ether 
is to insure, intimate, contact ltetwe*en the cold solid and the test tube. 

QUESTIONS AND PROBLEMS 

1. Fx plain why salt is sometimes thrown on try sidewalk h on cold 
winter days. 

2. Win*!! salt water I feezes the iee formed is' practically free from 
salt. What ofleet, then, does freezing have on Uu> coneentration of a 
salt solution V 

3. A partially concernLruted salt solution which 1ms a freeving (mint of 
— 5° C. is placed in a room which is keqit at — 1(1' Will it alt freeze ? 



Km. I Hit. Cold by rapid 
evaporation of earhoii 
dioxide 
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4. (Jive two reasons why tin* ucuau freezes lass fanily than the lakes. 

5. Why does pouring H„SOj into water produce heat,, while pouring 
the same substauee Upon ice produees cold? 

6. It. sometimes happens that, a liquid whieli is unable to dissolve a 
solid at a tow temperature will do so at. a higher temperature. Why? 
(See § 'ids.) 

7. When the salt in an iee eream freezer unites with the ice to form 
brine, about, how many ealories of heal, an 1 used for each gram of ire 
meltedV Where does it. come from? If the. freezing point, of t.ho salt 
solution Were the Halite as that, of the rream, would the hitter freeze? 


INIH'STUIAL AlMMdOATIONS 

242. The modern steam engine. Thus far in our study of 
{ho transformations of energy wo havo oousidurud otdy oasos 
in which mechanical energy was transformed info heat energy. 
In all heat engines we have examples of exactly the reverse 
operation, namely, the transformation of limit, energy back info 
mechanical energy. I low this is done may best, he understood 
from a study of various modern forms of heat engines. The 
invention of the form of flu*, steam engine which is now in use 
is due, to .lames Walt, who, at. the time of the invention ( 1 7(!H), 
was an instrument, maker in the. University of (Utisgow. 

The operation of such a machine can best, he understood from 
the ideal diagram shown in Fig. 18-1. Steam generated in the 
boiler // by the lire F passes through the pipe S info the steam 
chest /*, and (hence through the passage N info fho cylinder U, 
where its pressure forces the piston F to the left. If will he 
seen from the figure that, as the driving rod U moves toward 
the left, the so-called eccentric rod A 1 ', which controls the valve T, 
moves toward the right, lienee, when the piston lms reached 
the left end of its stroke the passage N will have been closed, 
while the passage M will luivu been opiated, thus throwing the 
pressure from the right to the left, side of the piston, and at the 
same time putting the right end of the cylinder, which is full 
of spent steam, into connection with the exhaust pipe K. This 
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operation goes on continually, tin*, rod /d opening and closing 
the passages Jf and iVat just the proper moments to Keep the 
piston moving hack and forth throughout' the length ol the 
cylinder. The shaft carries a heavy llywheel II , the great 



inertia of which insures constancy in speed. The motion of 
the shaft is communicated to any desired machinery hy means 
of a belt which passes over the pulley If*'. 

243. Condensing and noncondensing engines. In most sta¬ 
tionary engines the exhaust E loads to a condenser winch con¬ 
sists of a chamber info which plays a jet of cold water 7’, 
and in which a partial vacuum is maintained by means of an 
air pump. In the best engines Hits pressure within t ( > is not 
more than from 3 to 5 centimeters of mercury ; that Is, not mom 
than a pound to the square inch. I fence the condenser reduces 
the back pressure against that end of flic piston which is open 
to the atmosphere from 15 pounds down to 1 pound, and thug 
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increases i.lio effective pressure which the steam on the other 
side of the piston can exert. Since, however, the addition of 
the condenser makes the, engine more expensive, more heavy, 
and more complicated, it is generally omitted on locomotives, 
and on other engines in which simplicity, compactness, and 
stability are. of more importance than economy of fuel. It is 
obvious that if a noneondensing engine is to have the same 
effective pressure on the, piston head as a condensing engine, 
the pressure maintained within the, boiler must be about 
15 pounds higher. Kor this reason noncondensing engines 
arc often called high-pressure engines. >Sneh engines can easily 
he reeogni/.ed by the pull's of exhaust steam which they send 
out into the atmosphere at each strokes of the piston. 


244. The eccentric. In practice the valve rod IV in not attached 
hn in the. ideal engine indicated in Fig. 1HI, lmt motion is com¬ 
municated to it hy a Ho-called /rm ilric. This consists of a circular 
dink K (Fig. lSfi) rigidly attached in the axis', hut no Net that i La 
center dot's not coin¬ 
cide with tin* center of 
the axle .1. The tlink K 
rotates hiHide the col¬ 
lar (■ and llniN column- 
nicatoH to the eccentric 
rod IV a baok-aud-forlh 
motion which operates 
the valve F In Htieh a 
way uh to admit Nteam 
through i!/ and N at 
tilts projit'r time. 

245. The boiler. When an engine in at work steam is being removed 
very rapidly from the boiler; fur example, a railway locomotive consumes 
from ii to (1 toiiH of water per hour. It is therefore neeoHNary to have 
tins lire in contort with as large a surface as poHHihle. In tins tabular 
boiler this end is accomplished hy causing the flames to pass through 
a largo number of metal tubes immersed in water. The arrangement 
of the furnace and tins boiler may bo soon from Urn diagram of a 
locomotive shown in Fig. 1H0, 
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246. The draft In order I *» mirk. i hr . through tii >• hilu^ // t) f 
tlio boiler a powerful draft in required. tu I*<!(»..tin . i« • *1 ‘tuimul 
hy running t he* exhaust .strum tnnrt tin- e\ Imd* i / ‘ < ft;. I si;, U t!o jj lt , 
smokestaek A’ through tin* Mower /'■ The -.ti.m.; . uu. ut thr.m } .i l F 



draws with it a portion of the air from the im.4.-l-.% /»,«J, M ■». |.»«.«turmg 
within D a partial varmint into which a powerful draft t•*-.!*»•-* fi»»m t},,* 
furnace through the tubes It. The eoa! e,„r.umpse-u •4 mt ordinary 
locomotive is from one-fourth t<>u to »>m- t.,u p>, h,.>o 

In stationary engines a draft i-> obtained H-, 
stack vrry high. Since in this raw* tin* j.t.-n.it.- w 
air through the furnace is equal to tie- drtfeiem. 
in tlio weights of columns of air of mat ei,.e» -e, 
tiem inside and outside the elumn«*\, it i » ru.kut 
that tills pressure will he greater the greater th.- 
height of the smokentaek. This is the iva-..,, f.., 
the immense heights given to chimney» in hug.- 
power plants. 

247. The governor. Fig. lx* n!mw-»an lugmi..,,, 

device of Watt’s, railed a tjnvrmm\ f..r regulating 
automatically tin* xpml with w hieh a Maiininm, 
engine runs. If it runs too fast, th>- h-§m mi*! 
ing halls H move apart ami upward, and m *.<. do»,g ..p-rate % Va lve 
which jiartlally shuts off the supply «»f -team fSo* cylinder, 

248. Compound engine*. In an eugim* wide}, ha- hat a -ingle rylin- 
der the full feme of the steam ha- m.i br«u, -j.e»,t «the r\lu,der 



tu. ih? ti„, 
K<<rrfl,t*r 


is opened to the exhaust. The wa-t" >4 i 


••■igy w hi< h tlu 


•■nUiU is 
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obviated in the compound engine 
to pass into a second t*yliti*l(*i* of 
clhc-iont; of modern engines have 
of this sort, and the engines are 
tuyinnsioH rni/i/irs. Fig. 1KX shows 
the relation between any t wo sue 
(jussive, cylinders of a compound 
engine. By automatic devices 
not differing in principle from 
tlm ee,centric, valves f’ ! , l and 
/!,'“open simultaneously and thus 
permit steam from the boiler to 
enter the small cylinder .1, while 
the partially spent steam in the 
other end of the same cylinder 
passes through //■* into II, and 
the more fully exhausted steam 
through /vt At tin* upper end of 
(" l , 1)'\ and I'P automatically close, 
open and thus re verst' the directs 


by allowing the partially spent steam 
larger area than the first. Tim most 
three and sometimes four cylinders 
accordingly called Irlp/r or quadruple 



Km. 1HH. ('(impound engine cylinders 


in tlm upper end of // passes out 
the stroke of the. pistons P and P\ 
while ("\ J) { , and I', 1 simultaneously 
m of motion of both pistons. These 


pistons are attached to the sumo shaft. 


249. Efficiency of a steam engine. Wo have soon Unit if is 
possible to transform completely a given amount of median i- 
o.al energy info boat energy. 'Phis is done wlionovor a moving 
body is brought to rest by moans of a frio.fional resistance. 
Hut tlm iuvorso operalion, namely, that of transforming 1 boat 
energy info mechanical energy, differs in this respect, that if 
is only a comparatively small fraction of flic boat developed 
by combustion which can he transformed info work. For if is 
not difficult to sec*. Unit in every steam engine at least a part 
of the heat must of necessity pass over with the exhaust steam 
into the condenser or out into the atmosphere. This loss is so 
great that even in an ideal engine not more than about 28% 
of the heal of combustion could be transformed into work. In 
practice the very best condensing engines of the quadruple- 
oxpansion type transform into mechanical work not more than 
17% of the heat of combustion, Ordinary locomotives utilize 
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at most not morn than Xfi . The e(Jr>i, «<'</ T n In at en./lne u 
defined a « the. ratio hetteeen the In at nfi/id,- e tean.fi,mod into 
work, and the total heat expend,,!. Tit*' Hii. h u.> ..f tin- hexl 
steam engines is thereiorr about *, t . 1 n < * 1 ■ * “1 dint H ,ui ideal 
heat engine., wliiln llmi of tin* mdimuy Ae A *.ul\ about 

T «-, or 2(>$,, of the ideal limit, 

J 250. The principle of the gas engine. Within tin* last 
decade gas engines have begun t<* replan- Mmiu engine* to a 
very great extent, especially lor small pou <-r put puThese 
engines are driven by properly timeil r\pl...*du!n .»!’ a mixture 
of gas and air occurring within ^. f ^ ^ 11 


the eylindt'r. 

Fig. 181) is a diagram illus¬ 
trating the four stages into 
which it is convenient to divide 
the complete eyrie of oper¬ 
ations which goes on within 
such an engine. Suppose that 
the heavy ilywheels IF have 
already been set in motion. As 
the piston moves to the right 
in the first stroke (set* /) the 
valve B opens and an explosive 
mixture of gas and air is drawn 
into the cylinder through ft. 

As the piston returns to the left {see 


WH 




e 


■\’;N 


r 


$ 


* j \ uU o ft eloHt’H, atul 


the mixture of gas and air is eomprefned info a xpaec 

in the left end of the cylinder, An elect jie ^juuk ignites the 
explosive mixture, and the bare of the rxphnh.n dmes the 
piston violently to the right (see.l). At the Uginmng of 
the return stroke (see 4) the exhaust valve /* mjhuw, tutd 
as the piston moves to Urn left, the sjwut giweous products of 
the explosion tire forced out of the cylinder. "The initial 
condition is thus restored and the eytde logins over again. 
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Since, it. i.s only -during the, third Ht-roke that Urn engine, is 
receiving energy Irom the exploding gas, the; flywheel is 
always math* very heavy so that, tho energy stored up in it. in 
the third stroke may keep the machine, running with little loss 
of speed during the other thret^ parts of flu*, cycle. 

251. Mechanism of the gas engine. The mechanism by which the 
above operations are curried out in one type of modern gas engine 
may be seen from a,study of Figs. l!>li and l!U. Fig. l!)l is a section of the 



left end of the engine shown in perspective in Fig. 15)0. Suppose that tin* 
flywheels IF are first set in motion by hand. When the cam, or eccentric c t 
(Fig. 100),drives the rod ll to the left, it opens a valve in }•' through which 
gas pusses from the inlet pipe* A into line mixing chamber / (Figs, lilt) and 
101). Here it mixes with air which entered through the pipe ft. As soon 
as the cam r 3 bus moved about to the position in which it. throws tho lever 
arm^ to the left, tlm rod (t\ is forced upward and the in let valve A’(Fig. 101) 
is therefore up-tied. This happens at tine beginning of stage / (§ 1250) 
when the piston K Is beginning to move to Urn right. lienee the explo¬ 
sive mixture is at once drawn into A’(Fig. 101). At the beginning of stage 
No. 8 a third eccentric rod JSf operated by an eccentric c. (Fig. 100) breaks 
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an electric contact at i (Kit?- H'l 1, urn 
plod os the gas. At the beginning m 
arm f a (Fig. lSK))tothe left, and thu-. 
with the aid of f/ a (Figs. IhU and H'l i 
opens the exhaust valve l) { 1’ ig- H'l 1 
and thus permits tlm spent gases 1,1 
escape, Tina completes the cycle. 

Since each of the four earns, *•,. 

<‘p must open its valve once in Uo> 
revolutions of the flywheel, all four 
of these cams are placed imt "ii the 
main shaft //, hut ou tin* a\le «*l tin- 
gear wheel iU,•which has twice as 
many teeth as has the gear wheel » 
on the main shaft. M then-fore n 
volves lmt once while the main shaft 
is revolving twice. In order that the 
cylinder may ho kept eool, it. is sur 
roundod by a jacket ff through which wat 

The efficiency of the gas engine j * i 
double that of the best steam engine; 


d tin;. po-do.-. . ,t sp.irl which ex- 
■ i to-' • on . , dnu . the 1,-ver 



!•»(., tl*l >» i fi*iji thn-*n;lt ftul nf 


«-r si U«pt. .'iitmiu!!', • u. ulatitig, 
*it«-n a-* In.dt n* *.».< ,, or nearly 

*. 1-uitheiunue, it is fj<-(’ from 


smoke, is very comjmet, and may 
bo started at a moment's notice. 
On the other baud, the fuel, gas 
or gasoline., is comparatively ex 
pensive. Most automobiles are 
rim hy gasoline engines, chiefly 
because the. lightness of the eu 
gino and of the fuel to he cur 
ried are hero considerations* of 
great importance. 

It has been tin 1 development 
of the light and efficient, gas eu 
gino which has made possible 
man’s recent ecmijnest of the air 
through the use of the aeroplane 
and airship. 

252 . The steam turbine. The 



steam turbine represents the latest tlevrh.pmm? of ihe h. at engine. In 
principle it is very much like tU«* common windmill, tlm chief difference 
being that it is a team inatead of air which h driven at a high velocity 
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against a writ's of blades which arc arranged radially about the. cir¬ 
cumference of the wheel which is to he set, info rotation. The. steam, 
however, unlike the wind, is always directed by nozzles at, the angle of 
greatest ellieieney iigainsf the blades (see Fig. ii»2). Furthermore, since 
the energy of the steam is not nearly spoil, after it, has passed through 
one set, of blades, such as that shown in Fig. Ilk], it, is in practice, always 
passed through a whole series of such sets (Fig. liKi), every alternate* 

Exhaust 


Revolving 


Stationary 


Revolving 


Nozzle 


Fm. lint. Path of steam In (Iiu’Uh’h turbine 

row of which is rigidly attached to the rotating shaft, while (diet inter¬ 
mediate rows are fastened to the immovable outer jacket of the, engine, 
ami only serve as guides to redirect the steam at the most favorable 
angle against the next row of movable blades. In this way the steam is 
kept alternately hounding from llxcd to movable blades till its energy is 
expended. The number of rows of blades is often as high as sixteen. 

Turbines are at, present coming rapidly into use, chiefly for large- 
power purposes. Their advantages over the reciprocating steam engine 
lie first in the fact that they rim with almost no jarring, and therefore) 
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mui'm*- much lighter and e\i«ensi\e foundation-.; .uni s*v,. u , 1, mthe 
fact, that they uoeupy less (him om- truth tie- lh>«,r -.pur.- of .a.liuary 
engines of the same eupaeily. Their 'ibn.-mu m lulU ns high as that 
of the llest. reeiproealillg engines. The highest K uttaiueil h\ ves- 

sels at sea, namely about. In miles jht hour, h.t\r h.-.-u mad.- with the 
aid nf steam turbines. The largest \e-.se! w hu h h.o ihu. tar e\,-r been 
launched, the Ihuuburg-Anierieuu steamer /m-* .if-', *•* 11* t< et long, tiH 
feet wide, TOO feet high (from the keel to tie- t..|. ,-t her mnth deck), 
having a total "displacement." of 7n,umi bur* and a >pc,-d ».t -jp| knots, 
is driven hy four steam turhines having a total Imi .e power <>f "U.tHlO. 
One of the intmetiso rotors contains .*»h,nuu blades ami dmrlop-, 22,01)0 
horse, power. 

253. The liquid-air machine. In the actual nnumtaetme nf liquid 
air a pressure pump /’ (Fig. UU ) forces the ;ut mi*« n qm.ti coil r 
under a pressure of about 200 atmosphere *. The heat produced by tin* ' 
compression is carried oil' by running wnt«-i winch ruruhit*- * through 
the tank A!. The rook e is then 
opened and the air expands from 
200 atmospheres down to l ntnur, 

jdiere. In this expansion the tem 
pevaluro falls. TTiin eooleil air 
returns through a larger spiral •*> 
which incloses the high-pressure 
spiral if, and thus cools off the air 
which is coming down to the ex¬ 
pansion valve through the inner 
spiral. In this process the tern 
pen-alum of the air issuing from 
the valve e continuously falls un¬ 
til it reaches the temperature of Km. 15* l Tie- liquefaction of air 
liquefaction. Liquid air ran then 

lie drawn off through the stopcock ft. The ait which •• •«•«{«** liqd«*» 
faction returns to the eompre«si»r, whem it »-* again hu.-rd min the 
inner spiraltogether with a certain amount nf air which »-ntm * from 
the outside at o. 

254. Manufactured ice. In the great mnjont) nf »».«!«-r« n-e plants 
the low temperature requiretl for the mnitufaetutr «>f the ice m produced 
by the rapid evaporation of liquid ammonia. At ordinal\ t**nij*erji turns 
ammonia is a gas, hut it may he liquefied by prelum alone At MU' F. 
a pressure of Ifiu pounds j«*r square Inch, or about in almo-qdiems, Is 
required to produce its liquefaction. Fig. lUh show* the euw-MlnU f>art4 
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of an ice plant. The compressor, which is usually run by a steam engine, 
forces the gaseous ammonia under a pressure of 155 pounds into the con¬ 
denser coils shown on. the right, and there liquefies it. The heat of con¬ 
densation of the ammonia is carried off by the running water which 
constantly circulates about the condenser coils. From the condenser 
the liquid ammonia is allowed to pass very slowly through the regulat¬ 
ing valve V into the coils of the evaporator, from which the evaporated 
ammonia is pumped out so rapidly that the pressure within the coils 
does not rise above 34 pounds. It will be noted from the figure that 
the same pump which is there labeled the compressor exhausts the 



ammonia from the evaporating coils and compresses it in the condensing 
coils; for, just as in Fig. 194, the valves are so arranged that the pump 
acts as an exhaust pump on one side and as a compression pump on the 
other. The rapid evaporation of the liquid ammonia under the reduced 
pressure existing within the evaporator cools these coils to a temperature 
of about 5° F. for every gram which evaporates. The brine with which 
these coils are surrounded has its temperature thus reduced to about 10° 
or 18° F. This brine is made to circulate about the cans containing 
the water to be frozen. 

255. Cold storage. The artificial cooling of factories and cold-storage 
rooms is accomplished in a manner exactly similar to that employed 
in the manufacture of ice. The brine is cooled exactly as described 
above, and is then pumped through coils placed in the rooms to be 
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cooled. Iu some systems carbon dioxide i< u-od in place • .f ammonia, 
lmt bin's principle is iu no way altered. Smui I ime tm, tiu* brim* in 
dispensed with, uutl the air of the room < to i><- «•><**!**<i i. l"ieid h\ means 
of fans directly over the cold roih eoutaiuim; the *-v.iptu.ttiu,- ammonia 
or carbon dioxide. If is In (his way l bat t heater • and hotel < are cooled. 


QUESTIONS AND PROBLEMS 

1. Why is not the boiling point, ut wnt>r iu the boiler «>f a steam 
engine 100° (h V 

2. If this average pressure in the cylinder .,f u •■team engine is It) 
kilos to the square centimeter, and the area ut the pi •t'-n i . 12/ sq.cm., 
how much work iu done by the piston iu a dude of length do em.V 
How many calories did t.iu* steam hue in this opetati««u .' 

3. The total I'llieiency of a certain HUU II.P. ... is 11 j HOflt) 

calories of heat are. produced by the burning of i g. of the best an¬ 
thracite coal; how many kilos of such omul are eon .nme>t per hour 
by this engine? (Take 1 II.P. THi watts amt I calotte per second 
4.2 watts.) 

4. It requires a force of Jltll) kilos to drive a given boat at a speed of 
15 knots (25 km.). IIovv much coal will be u quaed to ton tin * boat at 
this speed across a lake .‘loti km. wide, the Hlim-tew »<t the eitgine i being 
7% and the coal being of a grade to fund *h »<oou e.iho u-. per gram ? 

5. What tolal pushing force do the pn<pi lb-i . ..f the / huMhm exert 
when she is using her muvimum hone pi<w ■ i ( /o.uoh j ,uel i» ni uni tig 
at 25 knots (•Uh l km.) per hour ? 

6. The best triple-expansion marine engine» e<m ,miu<* 1 .* lb. of coal 
per hour per II.P,, or .III kg. per lmheiite.1 kilowatt t «•«. Km-v. Urih, 
“Steam Engine If the coal furnishes titmii cah.iie s p.-r gi.un/ wlmt 
is the eflleieuey ? 

7. If liquid air is placed in an op.-n ve-cel, »t» t«>mpet.it»s»e will not 
rise above — 1H2 ‘ (!. Why not ? Suggest a wav in » he h jO t«-mj»erttture 
could be made to rise above l.’■gi' (’ , and a wav sts which it cmld be 
made to, fall below that temjieridure. 

8. The average locomotive has an ellicjenev of .il.ont, ti *y. What 
horse power does it develop when it in couuunuiy, 1 i**u of coal jhw 
hour? (See Problem ti, above.) 

9. What pull does a Itlflt) II.P, locomotive exert when it, fa miming 
at 25 miles per hour and exerting its full horse j*»mw i 










rilAPTKR X 

THE TRANSFERENCE OF HEAT 

(h INDUCTION 

256 . Conduction in solids. If one end of a short metal bar be 
hebl in the. lire, the other end hoou becomes too hot to hold. Hut if the 
metal rod is replaced by one of wood or glass, the end away from the 
Ilamn will not be appreciably lmatnd. 

This experiment and others like it show that noumotallio 
substances possess a much smaller ability to conduct liuat than 
do tnelallie substances. Hut although 
all metals are. good conductors as com¬ 
pared with nonmetals, they differ widely 
among themselves in their conducting 
powers. 

bet eo|iper, iron, and German silver wires 
HO cm. long and about 0 mm. in diameter be 
twisted together at one end as in Fig. 1SK5, 
and let a Hansen ihune be nji]>!ied to tho 
twisteil ends, get, a muteh bo sliil slowly 
from’tin' eool end of eueit wire toward tlm hot end, until the, heat from 
the wire ignites it. The copper will ho found to ho tho host e.oiulue.tor 
and the (lennau silver the poorest. 

In the following table some common substances are arranged 
in the order of Ihcir beat conductivities. The measurements 
haver been made by a method not differing in principle from 
that just described. For convenience, silver is taken as 100. 


Silver . . 100 Tin .15 Mercury . . . 1.85 

Copper . . 7-1 Iron ..... 12 Ice .21 

Hold . . 58 bead.8.5 Class .04(1 


brass . . 27 German silver . . (1.8 I Ian l rubber . . .024 

107 



Fm. 100. Differences in 
heal, eonductiviUes of 
metals 
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THE TRANSFERENCE OF HEAT 



257. Conduction in liquids and 

be held by means of a glass rod in 
ice water. Let the upper part of 
the tube be heated with a Bunsen 
burner as in Fig. 197. The upper 
part of the water may be boiled for 
some time without melting the ice. 
Water is evidently', then, a very poor 
conductor of heat. The same thing 
may be shown more strikingly as 
follows: The bulb of an air ther¬ 
mometer is placed only a few milli¬ 
meters beneath the surface of water 
contained in a large funnel arranged 
as iuFig. 198. If, now, a spoonful of 
ether is poured on the water and set 
mometer will show scarcely any chauj 


gases. Let a small piece of ice 
the bottom of a test tube full of 



Fin. 197. Water a nonconductor 


fire, the index of the air ther- 
:, in spite of the fact that the air 


thermometer is a very sensitive indicator of changes in temperature. 


Careful measurements of the conductivity 
of water show that it is only about y~iT °* 
that of silver. The conductivity of gases is 
even smaller, not amounting on the average 
to more than that of water. 

258. Conductivity and sensation. It is a 
fact of common observation that on a cold 
day in winter a piece of metal feels much 
colder to the hand than a piece of wood, 
notwithstanding the fact that the temper¬ 
ature of the wood must be the same as 
that of the metal. On the other hand, ]f l(ii pjg. B Urn j n g 
if the same two bodies had been lying in other on the water 
the hot sun in midsummer, the wood might <Ioofi nofc affeet thc 
be handled without discomfort, but the Lheimomctei 
metal would be uncomfortably hot. The explanation of 
these phenomena is found in the fact that the iron, being 
a much better conductor than the wood, removes heat from 
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the hand much more rapidly in winter, and imparts heat to the 
hand much more rapidly in summer, than does the wood. In 
general, the better a conductor the hotter it will feel to a 
hand colder than itself, and the colder to a hand hotter than 
itself. Thus in a cold room oilcloth, a fairly good conductor, 
feels much colder to the touch than a carpet, a comparatively 
poor conductor. For the same reason linen clothing feels 
cooler to the touch in winter than woolen goods. 

259. The role of air in nonconductors. Feathers, fur, felt, 
etc., make very warm coverings, because they are very poor 
conductors of heat and thus prevent the escape of heat from 
the body. Their poor conductivity is due in large measure to 
the fact that they are full of minute spaces containing air, and 
gases are the best nonconductors of heat. It is for this reason 
that freshly fallen snow is such an efficient protection to vege¬ 
tation. Farmers always fear for their fruit trees and vines 
when there is a severe cold snap in winter, unless there is a 
coating of snow on the ground to prevent a deep freezing. 

260. The Davy safety lamp. Let a piece of wire gauze he held 

above an open gas jet, and a match applied above the gauze. The flame 
will be found to burn above the gauze 
as in Fig. 199, (1), but it will not 
pass through to the lower side. If 
it is ignited below the gauze, the 
flame will not pass through to the 
ripper side but will burn as shown 
in Fig. 200, (2). * 

The explanation is found in 
the fact that the gauze conducts 
the heat away from the flame so rapidly that the gas on the 
other side is not raised to the temperature of ignition. Safety 
' lamps used by miners are completely incased in gauze, so that 
if the mine is full of inflammable gases, they are not ignited 
by the lamp outside of the gauze. 



Fig. 199. A flame will not pass 
through wire gauze 
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TILE TRANSFERENCE OF HEAT 


QUESTIONS AND PROBLEMS 

1. Why is the. outer pail of nit ice cioum 1ree/er mud* 1 «•! thick wood 
and the inner can of thin metal t 

2. Why do firemen wear flannel -doits m •miuto’i l<> keep emd and 
in winter to keep warm ? 

3. Why do we wrap up ice cream m thick wt...!.-ii bhinkri s in sum- 
mer to keep it from melting? 

4. If ie.o in a refrigerator is wrapped up in hUstSo-f », w hut is tln« effect 
on the. ice? on the refrigerator? 

5. If a piece of paper is wrapjn-d tight!\ iiomud n metal rod and 
lie,Id for an instant in a Bunsen flame, it will m«t !»• -<*•«.odied. If held 
in a flame when wrapped around a wooden o<d, it will he scorched at 
once. Explain. 

6 . If one touches the pan containing a lout" of Bread in a hot oven, 
he receives a much more severe hum than if he tom h«- 1 1 1 ( .- I.scad itself, 
although the two are at the same tempeiaime. E\plain, 

7. Why are plants often covered with paper on u night when frost 
is expected ? 

8. Why will a moistened finger or the t.ingur instantly p, 

jiieee of iron on a cold winter's day, hut imt te a piece of wood ? 

9. Does clothing ever afford ns heat in wiufet .' How, then, does it 
koop us warm ? 


( ’MNVKtTInS 

261, Convection in liquids, Although tin* rumlm-ting power 
of liciuicin in ho small, us was shown in tin* experiment of § 2;“7, 
they are yet able, under curium ritvuumUueeH, to transmit 
boat much more. effeetively tliuu solids. Thus, if tin* ire in tint 
experiment of Fig. 197 had Ih*»*u pliwed ut tin* (op and the 
flame at the bottom, tin* ice won hi have linn melted very 
quickly. This shows that bent is transferred m if It enormously 
greater ro&tliiuws from the lmttom of the tube tow uni the top 
than from the top tow an l the lad tom. The meehanUm of 
this lieab transference will \m evhletit from the following 
'experiment: 

Let a round-bottomed flask (Fig. U(HI> }«, I m |f ffihd with water and 
a few crystals of magenta dropped into it. Thm h i the ten tom of the 
flask be heated with a Rmtwm burner. Tim magctiu will i event the fact 
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that the heat sets up currents the directum of which is upward in the 
•region immediately above the. llame. hut downward at tin* aides of 
the vessel. It. will not lie long before, the whole of 
the water is uniformly colored. 'Phis shows how 
thorough is the mixing accomplished by the heating. 

Tho explanation of the phenomenon is as 
follows: The. water nearest the. llame became 
heat oil and expanded. It was thus rendered 
less dense than the surrounding water, and 
was therefore foroed to the. top by the pres¬ 
sure transmitted from the. eoldor and there¬ 
fore denser water at the sides whieli then 
name in to take its plue.e. 

It is obvious that this method of heat trans¬ 
fer is applicable only to fluids. The essential Fee 2(H). Convcus 
difference between it and eonduetion is that 1,1011 cuuontH 
the heat is not transferred from molecule to molecule through¬ 
out the whole mass, but is rather transferred by the bodily 
movement, of comparatively large masses of the heated liquid 
from one point, to another. This method of heat transference 
is known as con wet inn. 

262. Winds and ocean currents. Winds are convection cur¬ 
rents in the atmosphere caused by unequal heating of the 
earth by the huh. Let, us consider, for example, the land and 
sea breezes so familiar to all dwellers near the coasts of largo 
bodies of water. During the daytime the land is heated 
more rapidly than the sea, because the specific heat of water is 
much greater than that of earth. Hence the. hot air over the 
land expands and is forced up by the colder and denser air 
over the sea which moves in to fake its place. This constitutes 
the sea breeze which blows during tho daytime, usually reach¬ 
ing its maximum strength in the late afternoon. At night the* 
earth cools more rapidly than the sea and hence the direction 
of the wind is reversed. Tho effect of these breezes is seldom 
felt more than twenty-five miles from shore. 
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Ocean currents are caused parlh bv the iu j t*ntut 1 heating of 
the sea and partly by the direction of the prevailing winds. 
In general both winds and currents are ><» modified b\ the eoii- 
liguration of the continents that it is onlv over broad expanses 
of tht'. ocean that the direction ol either can be predieted irusu 
simple, considerations. 

Radiation 

263. A third method of heat transference. There are certain 
phenomena in connection with the transfer of heat for which 
conduction and convection are wholly unable to account, Fur 
example, if one sits in front of a hot grate tire, the heat which 
he feeds cannot come from the tire by conversion, hrrunse (he 
currents of air arc moving toward the tire rather than away 
from it. It cannot he due to eouduetion, because the eon- 
ductivity of air is extremely small and the colder eurrents uf 
air moving toward the lire would mure than neutralize any 
transfer outward dm* to conduct ion. Their must therefore la* 
some, way in which heat travels across (tie mtenming space 
other than by conduct ion or convection. 

It is still more evident that there must he a third method 
of heat transfer when we consider the heat which comes to 
us from the sun. Conduction and com ret i>m take place only 
through tlio agency of matter; hut we know that the spare 
between the earth and the sun is m»t filled with ordumn mat* 
tor, or else the earth would he retarded in it* motion through 
space, Iindiutitm is the name given to this third turtles! hy 
which heat travels from one place to another, and which is 
illustrated in the passing of heat from a giate file to a body 
in front of it, or from (he stm to the earth. 

264. The nature of radiation. The nature »»t tudmimn will 
he diseussed more fully in Chapter XXL It wdt l*e sufli- 
oienl here to call attention to the following ddtrtrner» lad ween 
conduction, convection, and radiation. 
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First, while conduction and convection are comparatively 
slow processes, the transfer of heat by radiation takes place 
with the enormous speed with which light travels, namely 
186,000 miles per second. That the two speeds are the same 
is evident from the fact that at the time of an eclipse of the 
sun the shutting off of heat from the earth is observed to take 
place at the same time as the shutting off of light. 

Second, radiant heat travels in straight lines, while conducted 
or convected heat may follow the most circuitous routes. The 
proof of this statement is found in the familiar fact that ra¬ 
diation may be cut off by means of a screen placed directly 
between a source and the body to be protected. 

Third, radiant heat may pass through a medium without 
heating it. This is shown by the fact that the upper regions 
of the atmosphere are very cold, even in the hottest days in 
summer, or that a hothouse may be much warmer than the 
glass through which the sun’s rays enter it. 


The Heating and Ventilating of Buildings 

265. The principle of ventilation. The 

heating and ventilating of buildings are 
accomplished chiefly through the agency 
of convection. 

To illustrate the principle of ventilation, let a candle 
he lighted and placed in a vessel containing a layer of 
water (Fig. 201). When a lamp chimney is placed over 
the candle so that the bottom of the chimney is under 
the water, the flame will slowly die down and will 
finally be extinguished. This is because the oxygen, 
which is essential to combustion, is gradually used up 
and no fresh supply is possible with the arrangement 
described. If the chimney is raised even a very little 
above the water, the dying flame will at once brighten. j? 1G _ 201. Con - 
Why? If a metal or cardboard partition is inserted vection currents 
in the chimney, as in Fig. 201, the flame will burn in air 
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continuously, oven when the bottom of tin- ehinne-v i. und.-r w,.ti*-r. T)j 
mison will he cdeur if a piece of 1'iiniim; t.meh }• ip.-r | l.l>-ni fu , p a j H , 
soaked in a solution of pota^inm uif i>i(»- and dm-di i. hold th 
chimney. The smoke will .-.how (ho diu-eti>m “* tie- an r»m.-nt tf p, 
chimney is a large one, in order that tie- tit t past .a j|,,- r \j«» r ] 

meat may succeed, it may he neet-e,an to u .o two - andl. ■<; i..| N(tlll | 
a heated area iiermits the formation nf do«u«.ud < uto-iit > at i|„, 

266. Ventilation of houses. hi ««rd«T !<» no.-iuv .suthfuetu^ 
ventilation it is estimated thut u room sleuth! !»• supplied wifi 
2000 cubit; feet nf fresh uir j»or hour fur r.u-h mvupaut (a^y 
burner is equivalent iu oxygen eoimumpt hut t«. four persons) 
A eummi, of air moving with a speed gient emnt.'h tu 1«> jn H ) 
pereeptible has a veloeity of about 0 fee! j<»-r -.e< uttd, flrheei) u 


area of opening required fur eaeh pet s««i» nlo-ft fresh ait 
! is entering at this speed is about 2.’» »»r :t<* s.puue inches, 
! * — * ’ The tsmisuer uf H up. 

If . i plv iuqtht'irequisite 

I ® y ' . •* am..nut <d' fresh air 

' / ’hi dw riling houses 

:: I „ 1 depends Upon till. 

♦ , iiief In h| ,,f hunting 

i V / * < T r ' r ' . employ rd. 

||J ; If a house is 

' Ip. *. r j 1 , heated U\ HtuvcK or 

' hi.phu-es.m.sjHvml 

, y ! . tlhltluli IS Slewlwl, 

v C * 1 i ,, ' The fun! air is 

„ , ‘ c ‘*^ :,JT1,roW!C --« o9 ----' -* drawn up the rhim* 

Jbiu. 202. IIol air heating . , , 

it* - ; »it It Hie Mfritike, 

and the fresh air which replant it finds euhau.-r through 
cracks about the doors and wimhm-s and through tin? walk 
267. Hot-air heating. In heamq U h.,t 8 ,b tnnw.** mi g f P 

duct ought always to be supplied fur |}<«* «-ntr.sie «■ ».f tm-.h «i«M air, 
tlrn manner shown in Fig. «02 (*.„ “.-„14 *n s,d. r » ti», n .l,.l olr 






Fin. 202. IIol uir heating 
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from out of door.s is heated by passing in a circuitous way, as shown 
by the arrows, over the outer junket of iron which covers the fire box. 
It is then delivered to the rooms. Here a part of it escape's through 
windows and doors, and tint rest returns through the 
cold-air register to In*, reheated, after being mixed 
with a fresh supply from out of doors. 

1 he course of the air which feeds tin*, lire is shown 
by the dotted arrows. When the*, lire is first started, 
in order to gain a .strong draff, the damper is 
opened so that the smoke, may pass directly up the 
chimney. After the lire, is under way the damper <■ 
is closed so that the smoke and hot gase.s from the 
furnace must, pass,as in¬ 
dicated by the arrows, 
over a roundabout path, 
in the course of which 
they give up tin* major 
part, of their heat, to 
the steel walls of the 



Fi((.2t)!!. I’riucb 
phi of hot,-water 
heating 


Freeh 

Air- 

Inlet 


jacket, whieli in (urn puss it, on to the air 
which is on its way to the living rooms. 

268. Hot-water heating. To ib 
lustrato Uu* principle, of hot-water 
heating let the arrangement shown 
in Fig. lififi be set up, the upper 
vessel being tilled with colored 
water, and then let a (hone be 
applied to the lower vessel. Tin* 
colored water will show that the 
current moves in the direction of 
the arrows. 

The actual urnuigemeutof boiler 
and radiators in one system of lmt- 
water heating is shown in Fig, 120-1. 

Tim water heated in the furnace 
rises directly through the pipe vl to 
a radiator I{, and returns again to 
the bottom of the furnace through 
the pipes Jl and />. 'Hie cdreula- 



Fiu. ‘20*1. Ilot-water heater 


tion is maintained because the column of water in /l is hotter and 
therefore lighter than the water in the return pipe B. 
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In tin* most common system “!' h>4 
so-called dinct-vatUttti»H system, n<< 
ventilation. The oreuptmN mu-4 dr 
pend entirely on open windows t«>i their 
supply of fresh air. In the railed 
<h‘m7-/W/m7 system, shown in Fig, 
fresh air is iut rodueed through tin- i.nh 
ft tor itself. 'I'he intlinrl s\ nlcm «iilt< s . 
from tliis only in that strum m hot 
water coils, instead of being in the mum , 
are suspended from thr* ceiling of the 
basement in wooden boxes (Fig, uu.« t 
The arrows imlieate (lu> direetion wImi. 
the air currents take as they | •»'**» from <.ut 
of tloors, through the heating eoih, and 
finally through the register iui«. the mum. 


f» r >.r 4 e.ua heating ! ^ 
M “ ,, nu ,ie k 



QUESTIONS ANt> 


"* l iU, ‘ ,,IUU “ i J" .*«* \ mm 

mr thud „i tie- |,r.,f ?.. . u S . the elm,, 

■on U ,r pel «lut 7 t l ale \ 4 , > ,.-|<U M g 


' -4e 


i Fe}f»-t mote*iii,tartar 


1. If 2 luetrie tons uf 
and if your furuaee allow 
ney, how many eiUm-ie* d» 

<1000 calories.) 

2 . Mxplain the tmderhing ptur-iplri .4 she 

3. Why is a hollow wall tilled with 4 

of heat than the same wall tilled with »ur .« 

4. In a system of hot w atm heating «h* t ,. lsuu ft t w « v . 

comu*t at 0m ,.f t!„. „„. , 

with the top? 

5. Which is thermally more rflieten!, »r ,«4 tlt 4 ^ 5 

6. WhM, n n..„„ i» h.nU,,i l.v » Iir. ,.u. ,, »I„.!, 

of heat transfereiiee plays th»» mo-4 ii8i|«*»tjjui 5 ,. » 

. ,. 7 ’ ] vhl( ; h <,f *«"••**«•*' »«•"* titi)»»rtisisi in 

of diroot and of iudireet radiation 7 ‘ 

8. Why do you blow on \«mi tum.b U> warn, thm, tU winter «ml 
fan youmdf for mduoa# in muntm-rl 

9. If you open a door between n w«f», «„.| a v„ht ... wlmt 

Expwr“‘ u ' l, “"' u '*• 

,, "* t ,i *’-• *"* 
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magnetism: * 

(JmnekaIi Pkoi*hutikk <)i-' Magnets 

269. Magnets. 11. has been known fur many centuries that 
some specimens of Urn ore known as magnetite ) have 

tho property of attracting small bits of iron anti slntil. This 
ore probably received its name from the faet that it is espe¬ 
cially abundant in the province of Magnesia, in Thessaly, 
although (.lu>. Latin writer Pliny says that the word " magnet ” 
is derived from the name of the Greek shepherd Magues, who, 
on the lop of Mount. Ida, observed the attraction of a large 
stone for his iron crook. Pieties of this ore which exhibit this 
all motive property are known as natural nuu/netx. 

It was also known to the ancients that artificial magnets 
may be made by stroking piec.es of steel with natural magnets, 
but it was not until about the twelfth century that tho dis¬ 
covery was made that a suxpended mai/net will asmma a north- 
and-Houth -poultinn. Because of this latter property natural 
magnets became known as lodestones (leading stones), and 
magnets, either artificial or natural, began to be used for 
determining directions. The first mention of the use of tho 
compass in Kurope is in 1190. It is thought to have been 
introduced from China. 

Magnets arc now made either by stroking bars of steel in 
one direction with a magnet, or by passing electric currents 

•This chapter should cither ho accompanied or prooedod by laboratory oxperl- 
meata ou magnetic fields aud cm the molecular nature of maguotiaw. See, for 
example, Experiments 25 and 26 of the authors’ manual. 
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about tho liars in a nmumw to bo *lr-,. ul»«-.i imn\ Tin* f ( , rr ^ 
shown in Fig. 20b is tail It* 1 a b.' mi-imf, \ Lit shown ^ 
Fig. 207 a h<>rxt xli»it' unipnet. l ho hit ^ 
tor form is tlu* luoiv oomntutt. ' """• 

If a uiaguot is dippod into iron tilings " v 

tho. filings will In* soon to oling in toil . mm i h« .-ml, but sf iln . 0 j 
at all near tho mithllo t Fig. 2ms i. I'iu- .o pl.w* •. m-.ir th*« 
a mngtiof at whioh its strong!h ’-••.-nu, i*. 
booonoontratoil aro oaliod tho*>t tho 
magnot. Tho oml of a fro oh s\\ mgnog 
magitot whioh points to tho math i-> »h . t »*. m; u*-r it -^i U)Q 

igttafod as tho nortlosooking, or mmph >K *■ *"' 1 



tho north /Wo (S’); mid tho other n 
or tho south pule (S ). Thf •tireefi-n ? 
points is rti/h'tl tho iiutpm tie uui'idinn, 

270. The laws of magnetic attnu ■ 
tion and repulsion, lit tho r\pnism-ut 
with tho iron tilings no part ini!,u 
difforonoo was olisorvod Utiieon the 


iVi '“nib si^hing^ 

o/h.-/i ,t mrdle 

sa 

•- ;, " H fling, 

O-j.. 1 f ' • i :U 


action ol tho two judos, That tln-JO ?■*> a diH«-i 
may bo shown by cxporiiuoiitMig wtth ho. m.jo 
whioh may ho snspondod {soo ICg. ‘.Td j. 

If two ,V polos aro brought arm «>m mi 
ntlior, they aro found to repel ou* h ..thm, 

Tho S polos likouiso aro found to irj.rl ^ v 
each otlior. Hut tho .Vpoio of om- imigm-i 
is found to bo attraotod by tho $ pule A 
of atiolhor. Tho results of thosr r\j«rii 
molds may bo stmuimri/od in a g« m i.d 
law: Mtujnrt pules of like kind repel e^h 
other, while pul ex of uni ike kind nttroei, * 9,4 
Thu forms whioh any two pub**, rwt Ss " li 


•■no* , linWoVOUj 

:hot;,, oil hof t> £ 



H * d.wm-ttr ttt- 
5 5 t * |rtit«lorm 


upon oaoh otbor has boon found, hko tho ,4 gnwitiition, 

to vary inversely as tlm square of tho thhUmvp Udwrctt th«m. 
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A unit pole is defined as a pole which when placed at a 
distance of 1 centimeter from an exactly similar pole repels it 
with a force of 1 dyne. 

271. Magnetic materials. Iron and steel are the only 
substances which exhibit magnetic properties to any marked 
degree. Nickel and cobalt are also attracted appreciably by 
strong magnets. Bismuth, antimony, and a number of other 
substances are actually repelled instead of attracted, but the 
effect is very small. It has recently been found possible to 
make quite strongly magnetic alloys out of certain nonmag¬ 
netic materials. For example, a mixture of 65% copper, 27% 
manganese, and 8% aluminum is quite strongly magnetic.' 
These are called Heusler alloys. For practical purposes, how¬ 
ever, iron and steel may be considered as the only magnetic 
materials. 

272. Magnetic induction. If a small unmagnetized nail is 
.suspended from one end of a bar magnet, it is found that 
a second nail may be suspended from this first nail, which 


itself acts like a magnet, a third from the 
second, etc., as shown in Fig. 210. But if 
the bar magnet is carefully pulled away 
from the first nail, the others will instantly 
fall away from each other, thus showing 
that the nails were strong magnets only 
so long as they were in contact with the 
bar magnet. Any piece of soft iron may be 
thus magnetized temporarily by holding it in 



Eie. 210. Magnetism 
induced by contact 


contact with a permanent magnet. Indeed, it is not necessary 


that there be actual contact, for if a nail is simply brought 


near to the permanent magnet it is found to become a magnet. 
This may be proved by presenting some iron filings to one 
end of a nail held near a magnet in the manner shown in 
Fig. 211. Even inserting a plate of glass, or of copper, or 
of any other material except iron between S and N will not 
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change appreciably tlie number oi tiling* which cling to thfi 
(>iul of S', a fact which show* that ihatmaam //.• „ hl t, r i,th Wf 
transparent to mai/ncfic j<o‘<rs. ibtl a* -<oiui a* t be permanent 
magnet is removed most oi the t i 1 i 1 1 * * ^ will tall, ^•ii/iivtixin 
produced in thin trap la/the inert /ires, //•-, >a ,tdia>; nt mmjnrts, 
with (>r ivithout contact , IK call, d indue, / mapn, tism. If t| )( . 
induced magnetism of tbe nail in Kim »«1 t i* tested with a 
compass needle, it is found that t he r, ne t, induced p n j,, { s 
(if the same kind as the inducing pole, while 
the. near pole is of unlike kind. I hi* i* tlie 
general law of magnetic iuduetioii. 

Magnetic, induefioti explains the tin t that 
a magnet attracts an unmagnet i/ed pin e ut 
iron, for if first, magnet r/e* it h\ induett.io, 
so that flic near pole is unlike the inducing 
pole, and the remote pole like the indiu m*,* 
pole; and then, since the two unlike pole*, 
are e I user together than the like p»»lr% the 
affraetion overbalances the repid-uuu and the nmi i-, drawn 
toward the magnet. .Magnetie mdtirtnm oho rvphiiiiH the 
formation of the tufts of iron tiling* Mi«*wu m Kig. 
little tiling becoming a temporary mugm-t un h that tin* end 
which points toward the inducing pole e, unlike the* pule, 
and the end which points away from u i*. hke tin* j*dr, The 
lamblike appearance is dim to the repulsive art i*»ji which the 
outside free poles exert upon each other. 

273, Retentivity and permeability. A piece „f mdi iron 
will very easily become a strong tempos an. magnet, but when 
removed from the influence of the magnet it {.,*«-* practically 
all of its magnetism. On the other hand, a piece *4 «teel will 
not he ho strongly magnet wed m the mm, but it will re¬ 
tain a much larger fraction of its magnetism after it m removed 
from the influence of the permanent magnet, Thin jaiwer of 
resisting either magneti/.ittiou or demagnetization i# called 



t«* .'ll, MilKKK 

! *" SO.tsi, r,| witli 

'■mi o.nUrt 
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retentiviii/. Thus steel has a, much greater retentivify than 
wrought iron, ami, in general, tlu*. harder the steel the greater 
its retentivify. 

A substance which has the property of becoming strongly 
magnetic under the. influence of a permanent magnet, whether 
it has a high retentivify or not, is said to possess permeabilily i 11 
large degree. Thus iron is much men? permeable than nickel. 

274. Magnetic lines of force. If we could separate tlm A' 
and A' poles ol a small magnet so as to get an independent 
N pole, and we.re to place this N 
pole near I he A' pole of a bar 
magnet, if would move over to 
the A' ptde along some, curved 
path similar to that, shown in 



Fig. 212. The reason if would 
move in a curved path is that if 


iAu. 212. A lino of force Hot, up 
liy I,ho magma A li 


would he simultaneously repelled by the /V pole, of the, bar 
magnet, and attracted by its A' pole, and the. relative, strengths 
of these two forces would continually rliangv, as the relative 


distances of the moving pole from these two poles changed. 


To verify Mom conclusion let, a strongly magnetized sewing noodle ho. 
floated in a small cork in a shallow dish of water, and let a liar or 


horseshoe magnet he placed just ahovo or just beneath the dish (see 
Fig. 2l!i), The cork and needle will then move as would an independent 


pole, since tin* remote pole of the 
needle in ho tuue.lt farther from the 
magnet than the. near polo that its in¬ 
fluence on the motion is very small. 



The cork will actually he found to m H , )0wil)K (linU ,. Uoi , of a 

move in a curved path from A to S, motion of an isolate,d pole near 


Any path which an independ- magma 

cut N pule would take in going from N to A is called a line of 
force, 'rite simplest way of finding the direction of this path 
at any point near a magnet is to hold a short compass noodlo 
at the point considered. The coin pass needle sets itself along 
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the lino in which its pules would m.ne it independent, that 
is, along' the line of three which pa-^es thrnugh the given 
point (see. (\ Fig. 212). 

275. Fields of force. The region abmit a mugm-t in which 
its magnetic forces can he detected i- c.dled it -» told o/j'ort'e, 
Tho easiest, way of gaining an idea of the w a\ in w huh tho 
linos of force an' arranged in the magnet ic held uhutit any 
magnet is to sift iron tilings upon a pi.-ec of paper placed 
immediately over the magnet, hatch little tiling becomes a 
temporary magnet by induction, and then-hue, Hhe the com- 
pass needle, sets itself in the direetiun ot the line uf furee at 



tilings atiiiut a bur urngnet >4 >t K« 


the point where it is. Fig. 21 I show s how the tilings arrange 
themselves about, a bar magnet. Fig. 21.* u the rutTenpund- 
ing ideal diagram, showing the lines uf tuj. e emerging front 
the N polo and passing about in mined p.ulm ?»» the S pule, 
It is customary to imagine these line** a* letmnmg through 
the magnet from S to A* in the manner -Town, >,»» that each 
line is thought of us a elused rune, This e<»u\mitiou was 
introduced by Faraday, ami has Item* found «»f gre.it uMfti*Uuice 
in correlating tin* facts of magnetism. 

A, magnet w field of unit strength in defined a field in tehieh 
a unit mcupiei pole experieneen 1 dyne oj f>r> It j>i mstotniury 
to represent graphically such it Held by drawing out* line per 
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square centimeter through a surface such as AltCJ) (Kip. 21(5) 
taken at. right angles to the linos of force. If a unit. N polo 
ln*t.\V(*(*xi .-Valid A (Fig. 2111) were pusliod toward A'with a foreo 
of 1000 dynes, the. strength of the held would be 1000 units 
and it. would be represented by 

1000 lines per square eentinieter. X .. ' \y> s 


276. Molecular nature of mag¬ 
netism. If a small test tube full 

X;X 


'L 

>: 1 


XeX\ 


of iron filings be stroked from 


jv 1 


:•:! 


XX 

s 

end to end with a magnet, it will 
be. found to have, become itself a 

X 


IK 

X 

X 

£J 


magnet.; but it will lose its mug- „„ , .. , 

h h loti. UKi. 'Hie hi.iviikU) nf a mag¬ 

net ism as soon as the filings are. male. Hold in rciurHcuu-d by Um 
shaken up. If a magnetized knit- numbtamniucHoHWo.iuKu-Hquaro 
ling needle is heated red-hot, it tcni.iiuon i 

will be found to have lost its magnetism completely. Again, if 
such a needle is jarred, or hammered, or twisted, the strength 
of its poles, as measured by their ability to pick up tanks or 
iron filings, will be found to be greatly diminished. 

These facts point to the conclusion that magnetism has 
something to do with the arrangement of the molecules, since 
causes which violently dis¬ 
turb the molecules of a mag- if&j t —-— ——— . 

net. weaken its magnetism. . 

Again, if a magnet ized needle 

is broken, each part will Khi. 217. KtToot, of breakinjj; a umgnnt, 
he found to lie a complete 

magnet; that is, two new poles will appear at. the point of 
breaking, a new .Vpole on the part which has the original A pole, 
and a new A polo on tin' part, which has the original ,N pole. 
The subdivision may be. continued indefinitely, but always 
with the same result, as indicated in Fig. 217. This suggests 
that the molecules of a magnetized bar may themselves be little 
magnets arranged in rows with their opposite pules in contact. 
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If an umuagnotized piece of hard Meet is pounded ugnrmudy 
while, it. lies between the pules »<t a magm-t, nr d ii is heated 
to ted ness and then allowed to mol in tin* position, it will lx? 
found to have heroine magnetized. This NUggesis that the 
molecules of the steel are magnets run w hen the hnr m a 
whole is not. magnetized, and that magnet i/atmii may consist 
in causing them to arrange themselves m r..ws, end to etui, 
just as the magnetization ol the tube nl non tilling mentioned 
above was due to a speeiul arrangement of the tilings. 

277. Theory of magnetism. In an uuumgm-ti/.-d bar of iron 
or steel it. is prohahle then that the mob-rules themselves are 
tiny magnets w hieh are 
arranged eit her haphaz¬ 
ard, nr in little (dosed 
groups or ehaiits, ns in 
Kig. 21H, so that, on the 
whole., opposite poles 
‘neutralize oaeh other throughout the hat. Hut when the {un¬ 
is brought near a magnet, the moimtlrs are >wnug around 
by the outside magnetie have into eou»r mu h <u tangemeut ns 
that shown in Kig. 21U, in wlneh the opposite p»de,. umpletelv 
neutralize each other only in the middle of the hat. A*» ordiug 
b, tiik._vi.m-, lii'tttiiiK o 

and jarring weaken the f.#• • =#*#'* jf\ 

magnet, because they 

b'li.l loKlnvki. U... im.li- U'% 

eules out of alignment. fo* «n* ,viou<K‘-fii*-os .4 in.*i* < *»nm * 
On the other hand, ,«a K a» te.-4 i.,* 

heating and jarring larililate magnetisation «Inn the l*ar is 
between the pedes of a magnet U-ruuse thn a.v*»-»i tl#** initg- 
uetizing force in breaking up the m«»ir« uiat gioup* and chains 
and getting the molecules into alignment, Soil non ha* higher 
permeability than hard steel l»eritii*r ti<» ulrs of tin* 

former substance are mm h eaMci t»* m mg into alignment 


#'%■ >#•#■•» $ 
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than those of the latter substance. Stool has a vory muoh 
greater refenfivily than soft iron because its molecules aro 
not ho oasily moved out, of position 0110,0 they lnivo boon 
aligned, 

278. Saturation. Strong evidence for tho, o.oiTootnoss of 

the ahovo viow' is tound in tho fa,of that a piece of iron or 
stool cannot ho maguet- 
i/.od beyond a certain 
limit, iwt matter how 
strong is the magnet iz¬ 
ing force. This limit 
probably corresponds 
to flic* condition in which tin* axes of all the. molecules aro 
brought info parallelism, as in Fig. 220. The magnet is thou 
said to be since if is as strong as if is possible 

to make if. 

Tkuukstkia!< Maonktism 

279. The earth’s magnetism. The fact that a compass noodle 
always points north and south, or approximately so, indicates 
that the earth itself is a. great magnet, having an A' polo near 
the geographical north pole, and an A’pole: near the. geograph¬ 
ical south pnh*; for the magnetic pole of the earth which is 
near the geographical north pole must of course be unlike, the 
pole of a suspended magnet which points toward it, and the pole 
of the suspended magnet whieh points toward the north is flic, 
one whieh by convention if has been chadded to call the, N pole. 
Tho magnetic pole of the earth whieh is near the north geo¬ 
graphical pole was found in IHtU by Sir .lames Ross in 
Boothia Felix, Canada, latitude 70" )i()' N., longitude, 05° \V. 
It, was located again in 1005 by Captain Amundsen (the dis¬ 
coverer of the geographical south pole, 1012) at, a point a 
little farther west, Its approximate, location is 70° “>' N. and 
00“ 4b' W. It is probable that if shifts its position slowly. 


obi sat hi m. *1 hi ■( mr■rnr ram era urn t ■ cin'mi 
t *1 at hi hi ■iHrHr.Hr.BrnrHairairsiarHianrii 
nat esi near at •rniai ni 0rnrrarnnnrTE{rmi:m 
UHt at at 01 at m. m.mrm mirmrm 

Km. !W(>, Amuiju'iuimt, ul' mulccutcH in a 
kiU.ii mt.nl nutjnua 
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280. Declination. Tim earliest users *>f {lie rumpuss wore 
aware that it did not point exact ly north ; hut it was ('olmubus 
who, on his iirst voyage to America, made the discovery, much 
to the alarm of his sailors, that the direction ni the compass 
needle changes as one moves about out the earths surf sice, 
The chief reason for this variation is lottud in t he tart t imt the 
magnetic poles do noteoineide with the geographieal poles; hut 
there are also other causes, such as the existence «d‘ large de¬ 


posits of iron ore, whiidt prtuluce local ctlccts upon the needle, 
The numher of degrees hy which, at a given point on the earth, 


the needle varies from a true north-ami .smith line is railed its 
declination at that point. Lines drawu out the earth through 
points of equal declination are culled Am*. 


281. Dip of the compass needle. !.»-t iu» .uumc^m-turd Knitting 
needle a (Fig. 221) he thrust through a * t.i K, amt !« t « *ml jp, 


, olid i 


1 te it 


b be passed through the rnrk nt right nuglr i 
as possible. Let a pin r hi' adjusted until the 
system is in neutral equilibrium about h »u an 
axis, when « is pointing east and Wfit. Th«ui 
lot a lie carefully magnetmed hy stroking mo* 
end of it from the middle out with the ,V |«4o 
of a strong magnet, ami the ether end fi«<m 
the middle out with the ,X‘ pule uf the «stm- 
magnot. Wluni now the needle is replaced *<u 
its supports and turned into a uorthaud mnitl* iln A |«*4e will 

bo. found to dip so as to eautte the needle to mat*- »m angle of till ‘ nr 
70° with the horizontal. 


t. AtMligenielit 
•*!,>,rtisig dtp 


The experiment shows that in this latitude the mirths mag¬ 
netic lines make a large angle wit It the hwrismitul. Hum angle 
between the earth s surface and the direct imi **f 11**- magnetie. 
lines is called tins'di/t, or indinttiiun, of the needle. At Wash* 
ington it is 71° 5' and at Chicago 72" AtC At tin* magnetic 
pole it is of course 90°, and at the Ho-ralied *ywtior t 

which is an irregular curved line near the geMgraphnud equator, 
the dip is 0°. 
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282. The earth’s inductive action. That the earth acts like a 
great, magnet may he very strikingly shown in the followingway: 

Let, a steel rod, for example a tripod rod, be held parallel to the 
earth’s magnetic linen (the north end slanting down at an angle of about 
70” or 7-1’) and struok a few sharp blows with a hammer. The rod will 
be found to have, become a magnet with its upper end an S pole, like 
tin* north poll' of the earth, and its lower end an A" polo. If tho rod is 
reversed and tapped again with the. hammer, its magnetism will bo re¬ 
versed. If held in an east-and-west position, and tapped, it will become 
demagnetized, as will be shown by tho fact that either end of it will 
attract either end of a compass needle. 


QUESTIONS AND PROBLEMS 

1. If a liar magnet is floated on a piece of cork, will it tend to float 
toward the north? Why? 

2. Will a bar magnet pull a 'floating compass needle toward it? 
Compare the answer to this question with that to the preceding one. 

3. Why should the needle used in the experiment of § 281 be placed 
east and west, when adjusting for neutral equilibrium, before it is 
magnetized? 

4. Tho dipping needle is suspended from one arm of a steel-free 
balance and carefully weighed. It is then magnetized. Will its apparent 
weight increase V 

5. Explain, on the basis of induced magnetization, the process by 
which a magnet attracts a piece of soft iron. 

6. When a piece of soft iron is made a temporary magnet by bring¬ 
ing it near the N pole of a bar magnet, will the end of the iron nearest 
tho magnet he an N or an S pole? 

7. Devise an experiment which will show that apiece of iron attracts 
a magnet just as truly as tho magnet attracts the iron. 

8 . How would an ordinary compass needle act if placed over one of 
the earth’s magnetic polos? How would a dipping needle act at these 
points? 

9. Do the facts of induction suggest to you any reason why a horse¬ 
shoe magnet retains its magnetism better when a bar of soft iron (a 
koejH>r, or armature) is placed across its poles than when it is not so 
treated? (See Fig. 21Q.) 

10. With what force will an N magnetic pole of strength 0 attract, 
at a distance of 6 cm., an <i> pole of strength 1? of strength 9 ? 
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283. Electrification by friction. If a piece of hard rubber or 
a stick of scaling wax is nibbed with flannel or cat's fur and 
then brought near some dry pith hull*, bits id paper, or other 
light bodies, these bodies are found to jump toward the rod. 
This sort of attraction, so familiar to us from the behavior of 
our hair in winter when we comb it with a rubber romh, was 
observed as early as (>00 n.c., when Thule* ni Greece com- 
mcntetl upon tin*, fuel that rubUnl amber draw * to itself thremls 
and other light objeets. It was not, howr\er, until ItitiU a.1>, 
that Dr. William Gilbert, physician to t v )H»'en Hli/almth, ami 
sometimes called thn father of the modem science of electricity 
and magnetism, discovered that the efleet eonld In* produced 
by rubbing together a great variety of other *ub*tauees Iw'sidoa 
amber and silk, such, for example, ns gin** ami *ilk, Holding 
wax and ilaunel, hard rubber mid rat's fur, ete. 

Gilbert named the effect whieb vva* produced upon thcHH 
various substanees by friction, electrification, after the Greek 
name electron, meaning " millin'." Thus a hmly which, like 
rubbed umber , hot bent endowed with the yroyerty *>/ utirndiny 
liyht bodies h Haiti to /nice turn electrified, **t to ha iv Amt yiimt 
a chary*} of electricity. In this statement nothing whatever is 
said about the nature of electricity. We simply define an 
electrically charged laidy as one which bn* U*ru put into the 
condition iu which it arts toward light Imdie* like the mbW 
amber or tlie rubbed Healing wax. To tliix day we do not know 
•its 
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with certainty wliat tlie nature of electricity is, but we are fairly 
familiar with the laws which govern its action. It is to these 
laws that attention will be mainly devoted in the following 
sections. 

284. Positive and negative electricity. Lot a pith ball suspended 
by a silk thread, as in Fig. 222, be touched to a glass rod which has been 
rubbed with silk and thus been put into the condition in which it is 
strongly repelled by this rod. Next 
let a stick of sealing wax or an el mu- J \ 
ite rod which has been rubbed with \ 

cat’s fur or flannel ho brought near J \ 
till', charged ball. It will be found ^ 

that it is not repelled, hut, on tho C 

contrary, is very strongly attracted. / 

Similarly, if the pith ball has touched ——y 
the sealing wax so that it is repelled El0 . m> rith . bftll oleclroscopo 
by it, it is found to bo strongly 

attracted by the glass rod. Again, two pith halls both of which have 
been in contact with the glass rod are found to repel each other, while 
pith halls one of which has been in contact with the glass rod and the 
other with the sealing wax attract each other. 

Evidently, then, the oleotrifieatimw which arc imparted to 
glaaa by rubbing it with silk and to Healing wax by rubbing 
it with flannel are opposite in the Henna that an electrified 
body that in attracted by one is repelled by the other. We 
nay, therefore, that there are two kinda of electrification, and 
we arbitrarily call one positive and tho other negative. ‘ Thun a 
positively electrified body is oho which aetn with renpeet to other 
electrified hodien like a glass rod, which has been rubbed with 
silk, and a neyativdy electrified body ia one which acta like a 
piece of sealing wax which has been rubbed with fiamie.l. Theae 
facta and deliiiitiona may then be atated in tho following gen¬ 
eral law: Electrical charges of like kind repel each other , while, 
charges of unlike hind attract each other. Tho foroea of attrac¬ 
tion or repulsion are found, like thoae of gravitation and 
magnetism, to decrease as the square of the distance increases. 
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285. Measurement of electrical quantities. The fact of attraction and 
repulsion is taken as the basis for the definition and measurement of 
so-called quantities of electricity. Thus a- small charged body is said to 
contain 1 unit of electricity when it will repel an exactly equal and 
similar charge placed 1 centimeter away with a force of 1 dyne. The 
number of units of electricity on any charged body is then measured 
by the force which it exerts upon a unit charge placed at a given distance 
from it; for example, a charge which at a distance of 10 centimeters 
repels a unit charge with a force of 1 dyne contains 100 units of elec¬ 
tricity, for this means that at a distance of 1 centimeter it would repel 
the unit charge with a force of 100 dynes (see § 284). 

286. Conductors and nonconductors. Let an electroscope E 
(Fig. 223), consisting of a pair of gold leaves a and b, suspended from 
an insulated metal rod r, and protected from air currents by a case J, 
be connected with the metal ball B by means of a wire. Let an ebonite 
rod be now electrified and rubbed 
over B. The immediate divergence 
of the gold leaves will show that a 
portion of the electric charge placed 
upon B has been carried by the wire 
to the gold leaves, where it causes 
them to diverge in accordance with 
the law that bodies charged with 
the same kind of electricity repel 
each other. 

Let the experiment be repeated 
when E and B are connected with a 
thread of silk or a long rod of wood instead of the metal wire. No 
divergence of the leaves will be observed. If a moistened thread con¬ 
nects E and B, the leaves will be seen to diverge slowly when the ball B 
is charged, showing that a charge is carried slowly by the moist thread. 

These experiments make it clear that while electric charges 
pass with perfect readiness from one point to another in a wire, 
they are quite unable to pass along dry silk or wood, and pass 
with difficulty along moist silk. W e are therefore accustomed 
to divide substances info two classes, conductors and noncon¬ 
ductors , or insulators , according to their ability to transmit elec¬ 
trical charges from point to point. Thus metals and solutions 



Fig. 223. Illustrating conduction 
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of salts and acids in water are all conductors of electricity, 
while glass, porcelain, rubber, mica, shellac, wood, silk, vase¬ 
line, turpentine, paraffin, and oils generally are -insulators. 
No hard-and-fast line, however, can be drawn between con¬ 
ductors and nonconductors, since all so-called insulators 
conduct to some slight extent, while the so-called conductors 
differ greatly among themselves in the facility with which' 
they transmit charges. 

The fact of conduction brings out sharply one of the most 
essential distinctions between electricity and magnetism. Mag¬ 
netic poles exist only in iron and steel, while electrical charges 
may be communicated to any body whatever, provided it is 
insulated. These charges pass over conductors, and can be 
transferred by contact from one body to any other, while 
magnetic poles remain fixed in position, and are wholly unin¬ 
fluenced by contact with other bodies, unless these bodies 
themselves are magnets. 

287. Electrostatic induction. Let the elunrite rod be electrified by 
friction and slowly brought toward the knob of the gold-leaf electroscope 
(Fig. 224). The leaves will be seen 
to diverge, even though the rod does 
not approach to within a foot of the 
electroscope. 

This makes it clear that the 
mere influence which an elec¬ 
tric charge exerts upon a con¬ 
ductor placed in its neighborhood 

is able to produce electrification ^ T11 , 

1 Fig. 224. Illustrating induction 

in that conductor. I his method 

of producing electrification is called electrostatic induction. 

As soon as the charged rod is removed the leaves will be 
seen to collapse completely. This shows that this form of elec¬ 
trification is only a temporary phenomenon which is due simply 
to the presence of the charged body in the neighborhood. 

t 
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288. Nature of electrification produced by induction. Let a 

metal ball A (Fig. 225) be strongly charged by rubbing it with a charged 


O' 






rod, and let it then be brought near 
an insulated* metal body B, which is 
provided with pith balls or strips of 
paper a, b, c, as shown. The divergence 
of a and c will show that the ends of 
B have received electrical charges be¬ 
cause of the presence of A, while the failure of b to diverge will show 
that the middle of B is uncharged. Further, the rod which charged A 
will be found to repel c, but to attract a. 


Fig. 225. Nature of induced 
charges 


We conclude, therefore, that when a conductor is brought 
near a charged body , the end away from the inducing charge 
is electrified with the same hind of electricity as that on the in¬ 
ducing body , while the end toward the inducing body receives 
electricity of opposite hind. 

289. Two-fluid theory of electricity. We can describe the 
facts of induction conveniently by assuming that in every con¬ 
ductor there exists an equal number of positively and nega¬ 
tively charged corpuscles which are very much smaller than 
atoms, and which are able to' move about freely within the 
conductor. When no electrified body is near the conductor A, 
it appears to have no charge at all, because all the little posi¬ 
tive charges within it counteract the effects upon outsidq 
bodies of all the little negative charges. But as soon as an 
electrical charge is brought near B, it drives as far away as 
possible the corpuscles which carry charges of sign like its 
own, while it attracts the corpuscles of unlike sign. B there¬ 
fore becomes electrified like A at its remote end and unlike 
A at its ne&r end. As soon as the inducing charge is removed, 
B immediately becomes neutral again because the little posi¬ 
tive and negative corpuscles come together under the influence 


♦Sulphur is practically a perfect insulator in all weathers, wet or dry. Metal 
conductors of almost any shape resting upon pieces of sulphur will serve the 
purposes of this experiment in summer or winter 
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of their mutual attractions. This picture of the mechanism of 
electrification by induction is a modern modification of the 
so-called two-fluid theory of electricity, which conceived of all 
conductors as containing equal amounts of two weightless 
electrical fluids called positive electricity and negative elec¬ 
tricity. Although it is now quite improbable that this theory 
represents the actual conditions within a conductor, yet we 
are able to say with perfect positivencss that the electrical be¬ 
havior of a conductor is exactly what it woidd be if it did contain 
equal amounts of positive and negative electrical fluids , or equal 
numbers of minute positive and negative corpuscles which are 
free to move through the conductor under the influence of 
outside electrical forces. Furthermore, since the real nature 
of electricity has been altogether unknown, it has gradually 
become a universally recognized convention to speak of the 
positive electricity within a conductor as being repelled to the 
remote end, and the negative electricity as attracted to the near 
end by an outside positive charge, and vice versa. This does 
not imply acceptance of the two-fluid theory. It is merely a 
way of describing the fact that the remote end does acquire 
a charge like that of the inducing body, and the near end a 
charge unlike that of the inducing body. 

290. The electron theory. A slightly different theory, called 
the one-fluid theory, was originally suggested by JBenjamin 
Franklin, and in the following modified form is now pretty gen¬ 
erally held by physicists. The atoms of all substances are now 
known to contain as constituents both positive and negative 
electricity, the latter existing in the form of minute corpuscles 
or electrons, each of which has a mass of about p—that of 
the hydrogen atom. These electrons are probably grouped in 
some way about the positive electricity as a nucleus. The 
sum of the negative charges of these electrons is supposed to 
be just equal to the positive charge of the nucleus, so that in 
its normal condition the whole atom is neutral or uncharged. 
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Bui in (‘.onduuiors electrons an* continually goldinn; loose f rom 
the atoms and reentering other atoms, so that at any given 
instant there are always in every eomluetor a number of fr ( , 0 
negative electrons and a corresponding number o! atoms which 
have lost electrons and which arc. therefore positively charged. 
Such a conductor would, as a whole, show no charge of either 
positive or negative electricity. But- as soon as a hods charged, 
J'or example negatively, is brought- near such a conductor, the* 
negatively charged electrons stream away to the remote end, 
leaving behind them the positively charged atoms, which arc 
not free to move from their positions. < hi the other hand, if a 
positively charged body is brought near the conductor, the* 
negative electrons are attracted and the remote cud is left 
with the immovable plus atoms. 

The only advantage of this theory over (hat suggested in 
§ 289, in which the existence of both positive and negative 
corpuscles was assumed, is that there is much direct- experi¬ 
mental evidence for Mu* existence of such negatively charged 
corpuscles or electrons of about , 7 ‘ tl h the mass of the hydro¬ 
gen atom (see (Chapter XXI ), lmt no direct ev idence as yet for 
the existence of positively charged bodies smaller than atoms, 

The ehari/e of one electron is called the efrmentari/ etee/ri- 
cal eh/m/e. Its value has recently (l'dld) been aceiirately 
measured. There are. 2.0115 billion of them in one of the 
units defined in § 2Mf>. Kerri/ electrical e/tatye omnist* tf an 
exact number of these ultimate electrical atoms scattered aver the 
surface, of the charm'd limit/. :: f 

1 / 

291. Charging by induction. Lettw.. metal balU or I wo cggxht'llH 
.'1 and Ji, which have hcetl gilded orroveied will* tin hoi, he *itc,|M*mietl 
by silk threads and tuuehed together, hh in Kig. ITt. bet a j««itive]y 
charged body M he brought, near them. Ah <le»rjiheil above, .( and II 
will at once exhibit evidmieen of eleetrifleatioii ; that hi, .! will rej«d a 
positively charged pith hall, while II will at tract, it. If t ’ in removed 
while A and Ji are still in eon tact, tin? wpamted elm* go* reunite and A 














Celebrated American statesman, philosopher, and scientist; born 
at Boston, the sixteenth child or poor parents; printer and pub¬ 
lisher by occupation; pursued scientific studies in electricity as 
a diversion rather than as a profession; first proved that the two 
coats of a Leyden jar are oppositely charged; introduced the 
terms positive and negative electricity; proved the identity of 
lightning and frictional electricity by flying a kite in a thunder¬ 
storm and drawing sparks from the insulated lower end of the 
kite string; invented the lightning rod; originated the one-fluid 
theory of electricity which regarded a positive charge as indi¬ 
cating an excess, a negative charge a deficiency, in a certain 
normal amount of an all-pervading electrical fluid 
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and B cease to exhibit electrification. Hut if A and B are separated 
from each other while C is in place, .-1 will be found to bo permanently 
positively charged and B negatively charged. This may be proved either 
by the attractions and repulsions which 
they show for charged rods brought near 
them, or by the effects which they pro¬ 
duce upon a charged electroscope brought 
into their vicinity, the leaves of the latter 
falling together when it is brought near 
one and spreading farther apart when 

brought near tlio otto. 22(1. otoiniiiR a pto 

W« ace., therefore, that if we eut lu " 1 » luiim " *“*« by in- 

, , , . , , duction 

m two , or separate into turn parts, a 

conductor uddle it is under the, influence of an electric charge, 
we, obtain two permanently charye.d bodies , the remoter part 
having a charge, of the same, sign as that of the inducing 
charge ,, and the ne.ar part having a charge of unlike sign. 

Let the conductor B (Fig. ‘J27) be touched by the finger while a 
charged rod C is near it. Then let the linger bo removed and after it 
the rod C. If now a negatively charged pith ball is brought near B, it 
will be repelled, showing that B has 
become negatively charged. In this 
experiment the body of the experi¬ 
menter corresponds to the egg A 
of the preceding experiment, and Kl() , m< A body charged by indue- 
removing the linger from B corns t,j< m i iaH a charge of sign opposite to 
spends to separating the two egg- that of the Inducing charge 

shells. Let the last experiment be 

repeated with only this modifleation, that B is touched at h rather than 
at a. When B is again tested with the pith hall it will still he found 
to have a negative charge, exactly as when the finger was touched at a. 

We conclude, therefore, that no matter where the body B is 
touched, the sign of the charge left upon it is always opposite to 
that of the inducing charge.. This is because the negative elec¬ 
tricity, that is, the electrons, can under no circumstances escape 
from b so long as <7 is present, for they are " hound ” by the 
attraction of the positive charge on (J. Indeed, the final 
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negative charge on B is due merely to the fact; that the positive 
charge on C pulls electrons into Ii from the. linger, no matter 
where B is touched. In the same way, if (- had boon negative 
it would have pushed electrons off from /> through the linger 
and have thus loft B positively charged. 

292. Charging the electroscope by induction. Let, an eboniie 
rod wliie.li has been rubbed with (ait's skin be. brought near the knob ol 
the*, electroscope (Fig. 221). The. leaves at ouee diverge. Let the knoh 
lie, touched with the linger while, the. rod is held in place. The leaves 
will fall together. Let the* linger be removed and then tin* rod. The 
leaves will fly apart again. 

The electroscope has boon charged by induct ion, and since 
the charge oil the ebonite rod was negative, the charge on the 
electroscope must he positive.. If this conclusion is tested by 
bringing tbe ebonite rod near the. electroscope, the leaves will 
fall together ns tbe rod approaches the. knob. How does (bis 
prove that the charge on the electroscope is positive ? 

293. Plus and minus electricities always appear simultane¬ 
ously and in equal amounts, beI. an ebonite rod he compleioK di.,. 
charged by passing it quickly through a Ituuseu Haute. Let si Uauiiel 
cap having a silk thread attached be. slipped over 
the. rod, as in Fig. 22H, and twisted rapidly around 
a number of times. When rod and cap together 
ant held near a charged electroscope, no elToet will 
be observed; but if the cap is pulled olT, it will 
be found to be positively charged, while, the. rod 
will be found to luive a negative charge. 

Since (he two together produce no effect, 
the experiment shows that the plus and min us 
charges were equal in amount. This experi¬ 
ment confirms the view already brought forward in connection 
with induction, that electrification always consists in a separation 
of plus and minus charges which already exist in equal amounts 
within the bodies in which the electrification is developed. 



■J 

Fin. i!2S. I'lni. ;md 
minus elec!rieilieh 
always developed 
in equal amounts 
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QUESTIONS AND PROBLEMS 

1. Charge a gold-loaf electroscope liy induction from a glass rod. 
Warm a piece, of paper and stroke it on the clothing. Hold it over tho 
charged electroscope. If the, divergence of tho gold leaves is increased, 
is the. charge', on the. paper + or — V If the. divergence of tho gold leaves 
is decreased, what is the sign of the, charge, on the paper? 

2. (liven a gold-leaf electroscope, a glass rod, and a piece of silk, 
how, in general, would you proceed to"tost tho sign of the electrification 
of an unknown charge? 

3. If pith halls, or any light figures, are placed between two plates 
(Fig. 22!)), one of which is connected to earth and the other to one. lenoh 
of an electrical machine in operation, tho figures will hound hack and 
forth between flu* two plate's as long as tho machine 
is operated. Explain. 

4. If you are given a positively charged insulated 
sphere, how could you charge, two other spheres, one 
positively and tho other negatively, without diminish¬ 
ing tho charge, on the first sphere? 

5. If you bring a positively charged glass rod near 
(.lie knob of an electroscope, and thou touch the knob, 
why do you not remove, the, negative electricity which 
is on the. knob? 

6. In charging an electroscope, by induction, why must the finger 
be removed before the removal of the charged body? 

7. If you hold a brass rod in the. hand and rub if with silk, the rod 
will show no sign of electrification ; but if you hold the brass rod with 
a piece of sheet rubber and then rub it with silk, you will find if elec¬ 
trified. Explain. 

8. Why is repulsion between an unknown body and an electrified pith 
ball a surer sign that the unknown body is electrified than is attraction ? 

9. Slate as many differences as you can between the phenomena of 
magnetism and those, of electricity. 

Distijimition ok Electric (Iiiarue upon (Iondui’/porh 

294. Electric charges reside only upon the outside surface of 
conductors. Eel, a deep tin cup (Fig. 230) be placed upon an insulating 
stand and charged as strongly as possible either from an ebonite rod 
or from an electrical machine. If now a smooth metal ball suspended by a 
silk thread is touched !o the autaitlc of the charged cup, and then brought 
near the knob of a charged electroscope, if will show a strong charge; 
but if if is touched to flic inxidc of tho cup, it will show no charge at all. 
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These experiments show that an electric charge resides 
entirely on the outside surface of a conductor . This is a result 
which might have been inferred from 
the fact that all the little electrical 
charges of which the total charge is 
made up repel each other and there¬ 
fore move through the conductor un¬ 
til they are, on the average, as far 
apart as possible. 

295. Density of charge greatest *>»• 230 Proof that charge 
J ° resides on surface • 

where curvature of surface is greatest. 

Since all of the parts of an electric charge tend, because of 
their mutual repulsions, to get as far apart as possible, we 
should infer that if a charge of either sign is placed upon an 
oblong conductor like that of Fig. 281, (1), it will distribute 
itself so that the electrification at the ends will be stronger 
than that at the middle. 



To test this inference let a proof plane (a flat metal disk, for example a 
cent, provided with an insulating handle) be touched to one end of such 
a charged body, the charge conveyed to a gold- ^ 

leaf electroscope, and the amount of separation - 

of the leaves noted. Then let the experiment 
be repeated when the proof plane touches- the 
middle of the body. The separation of the 
leaves in the latter case will be found to be very 
much less than in the former. If we should 
test the. distribution on a pear-shaped body 
[Fig. 231, (2)] in the same way, we should 
find the density of electrification considerably 
greater on the small end than on the large one. By density of electrifi¬ 
cation is meant the quantity of electricity on unit area of the surface. 


( 1 ) 



3 

( 2 ) 



Fig. 231. Distribution of 
charge over oblong bodies 


296. Discharging effect of points. The above experiments 
indicate that if one end of a pear-shaped body is made more 
and more pointed, then when the body is charged the elec¬ 
tric density on this end will become greater and greater. 
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The following experiment will show what happens when the 
eonduetor is provided with a sharp point. 

Lob a very sharp needle, he at,bached bo any smooth insulated metal 
body provided with paper or pith-ball indicators, as in Fig. 225, p. 222. 
If bln', body is now charged either with a rubbed rod or with an electric 
machine, as soon as the supply of electricity is stopped the paper indi¬ 
cators will immediately fall, showing that the body is losing its charge. 
To show that this is certainly due to the effect of I,he point, remove, the. 
needle and repeat. The. indicators will fall very slowly, if at all. 


Tho experiment shown that the electrical density upon the 
point is so great that the charge, escapes from it into tho air. 
This is because tho intense charge on the point causes many 
of tho adjacent molecules of the air to lose an electron. This 
leaves these molecules positively charged. The free electrons 
attach themselves to neutral molecules, thus charging them 
negatively. One set of those electrically charged molecules 
(called urns') is attracted to the point and the other repelled 
away from if. The former set move to the conductor, give 
up their charges to it, and thus neutralize the charge upon it. 


The. effect of points may ho shown equally well by charging the gold- 
leaf electroscope and holding a noodle, in tho hand within a few inches 
of the It nob. Tho loaves will fall together rapidly. „ 

In this case the needle point becomes electrified 
by induction and discharges to the knob electricity 
of tho opposite, kind In that on tho knob, thus 
neutralizing its eharge. An entertaining variation 
of tho last experiment is to attaeh a tassel of tis- " y J 
sue paper to an insulated eonduetor and electrify ib ^ I(J ^ Discharg- 
strongly. The paper streamers under their mutual j n g 0 ff ()Clli () j 'ptjintH 
repulsions will stand out in all directions, hut as 

soon us a needle point is hold in tho hand near them, they will at once 
fall together (Fig. 2,'12), since they are discharged as described above. 

297. The electric whirl. Let ail electric whirl (Fig. 2.'lil) bo bal¬ 
anced upon a pin point and attached to one knob of an nine trie machine. 
As soon as tho machine is started, the whirl will rotate rapidly in tho 
direction of the arrows. 
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The explanation is as follows: Tht! air close (o each point 
is ionized , as explained in § 20(1. Tlu*. ions of sign unlike 
that of the charge on the point arc drawn lo the point, and 
discharged. The other set ^ ■- 

of ions is repelled. Hut. . * I s 

since this repulsion is inn- | ' LJ| | 

tual, the point is pushed | if 

back with the same force | TT 

with which these ions are """Upr ' • 

pushed forward ; lienee the Kl<i ''flic Kio. The elec 
, ,. r .,. i, i • electric, whirl trie wind 

rotation. .1 he repelled ions 

in their turn drag the air with them in (heir forward motions, 
and thus produce the "electric, wind,” which may he detected 
easily by the hand or by a candle Maine ( Fig. 231 ). 

298. Lightning and lightning rods. It. was in 17“>2 that 
Franklin, during a thunderstorm, sent up his historic kite. 
This kite was provided with a pointed wire ut the (op. 
As soon as the hempen kite string had become wet he suc¬ 
ceeded in drawing ordinary electric sparks from a key at¬ 
tached to the lower end. 'This experiment demonstrated for 
the first time that thunderclouds carry ordinary electrical 
chargeswliich may he drawn from (hem by points, just, as (be 
charge was drawn from the tassel in the experiment, of § 2 l .M). 
It also showed that, lightning is nothing hut. a huge (dec- 




Km. Tlie elec 
trie wind 

brward mot ions, 
may he detected 


trie spark. Franklin applied this discovery in the invention 
of the lightning rod. The way in which the rod discharges 
the cloud and protects the building is as follows: As the 
charged cloud approaches the building if induces an opposite, 
charge in the rod. This induced charge escapes rapidly and 
quietly from the sharp point in the manner explained above 
and thus neutralizes the charge of the cloud. 


To illustrate, let a metal plate (! (Kig. 2Hf>) he supported above a 
metal hall A, and let (■ and Abe attached to the two knobs of an electri¬ 
cal machine. When the machine is started sparks will pass from (' to A, 
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but. if a point i> is connected to E, blit* sparking will erase; bliab is, l,ho 
point, will protect, E from the discharges, even though the distance. Cp 
be considerably greater than <'E. 

The. lower end of a lightning rod should be. buried deep 
enough so 1.1ml il will always be surrounded by moist earth, 
since dry earth is a poor con¬ 
ductor. It will be. seen, there¬ 
fore, that lightning rods protect, 
buildings not, because, they con¬ 
duct the lightning to earth, but 
because, they prevent, the for¬ 
mation of powerful charges in 
the neighborhood of the build¬ 
ings on which they are placed. 

299. Electric screens. That the charge, on the out,side of a 
conduct,or always distributes itself in such a way that there 
is no electric force, within the. conductor was first proved 
experimentally by Faraday, lie covered 
a large box with tin foil and wont inside 
with the. most, delicate electroscopes obtain¬ 
able'. lit', found that, the, outside, of the 
box could be charged so strongly that, long 
sparks went Hying from it wit,hotd, any 
electrical, effects being observable anywhere 
inside the, box. 

To repeat. I.lte experiment, in modified form, 
let, an electroscope be placed beneath a hint cage 
or wire netting, us in Fig. 2811. bet charged rods or other powerfully 
charged bodies be brought near the electroscope outside the cage. The 
leaves will he found to remain undisturbed. 

lienee, if wo wish to protect an electrical instrument from 
outside electrical disturbances, wo haves only to surround it 
with a me.lal covering.* 

* A laboratory exorcise on static, electrical effects should follow the discussion 
of this suction. Hue, lor example, Experiment 27 of the authors’ manual. 



Fm. 280. Fleet,ro- 
seope protected by 
a win*, cage 
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Fin, 285. Illustrating the action of 
a lightning rod 
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Potential and Capacity 

• 300. Potential difference. There is a very instructive, analogy 
between the use of the word "potential” in electricity and 
"pressure” in hydrostatics. For example, il water will How 
from tank A to tank B through the connecting pipe Ii 
(Fig. 237), we infer that the hydrostatic, pressure at a must 
he greater than that at b, and we attribute 
the flow directly to this difference in pres- 

• sure. In exactly the same way, if, when 
two bodies A and /* (Fig. 238) are con¬ 
nected by a conducting wire r, a charge 
of + electricity is found to pass from A to 
B, that is, if electrons are found to pass from B to J, we say that 
the electrical potential is higher at A than at //, and we assign 
this difference of 'potential as the cause of the How.* 'rims, 
just as water tends to flow from points of higher hydros!,at.it! 
pressure to points of lower hydrostatic pressure, so electricity 
tends to flow from points of higher electrical pressure or 
potential to points of lower electrical pressure or potential. 

Again, if water is not continuously supplied to one of 
the tanks A or B of Fig. 287, we know that the pressures 
at a and b must soon become the 


Km, 287. TlltiHt,rating 
hydrostatic pressure 


0 - 


-0 


same. Similarly, if no electricity is 
supplied to the bodies A and B 
of Fig. 238, their potentials very 
quickly, become the same. In other 
words, all points on a system of connected conductors in which 
the electricity is in a stationary or static condition are, at the same. 


Via. 288. Illustrating electri¬ 
cal pressure 


* Franklin thought that it was tins positive electricity which moved through a 
conductor, while he conceived the negative as Inseparably associated with the 
atoms. Hence it became a universally recognized convention to regard electricity 
os moving through a conductor in the direction In which a 4* charge would have 
to move to produce the observed effect. It is not desirable to attempt to change 
this convention now even though the electron theory has exactly Inverted the 
rft.es of tho + and — charges. 
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potential. This result follows at once from tlie fact of mobility 
of electric charges through conductors. 

But if water is continuously poured into A and removed 
from B (Fig. 237), the pressure at a will remain permanently 
above the pressure at />, and a continuous How of water will 
take place through JL So if A (Fig. 238) is connected with an 
electrical machine and B to earth, a permanent potential differ¬ 
ence will exist between A and B , and a continuous current of 
electricity will flow through r. Difference in potential is 
commonly denoted simply by the letters P.D. (Potential 
I )ilf erencc). 

301. Some methods of measuring potentials. The simplest 
and most direct way of measuring the potential difference be¬ 
tween two bodies is to connect one to the knob, the other to 
the conducting ease,* of an electroscope. The amount of 
separation of tho gold leaves is a measure of the P.D. between 
the bodies. Tho unit in which P.D. is usually expressed is 
called the 'volt. It will bo accurately defined in § 831. It will 
be sufficient here to say that it is approximately equal to the 
electrical pressure between tho ends of a strip of copper and a 
strip of zinc immersed in dilute sulphuric acid (see Fig. 247). 

Since the earth is on tho whole a good conductor, its poten¬ 
tial is everywhere the same ($ 300); bonce it makes a con¬ 
venient standard of reference in potential measurements. To 
lind tho potential of a body relative to that of tho earth, wo 
connect the outer ease of the electroscope to tho earth by 
means of a wins and connect the body to the knob. If the 
electroscope is calibrated in volts, its reading gives the P.I). 
between the body and the earth. Such calibrated electroscopes 
aro called electrostatic voltmeters. They are the simplest and in 

•If tlio case in of glass It should always bo made conducting by pasting tin-foil 
strips on tlui insldo of tho jar opposite tho loaves and extending those strips over 
the edge of the jar and down ou the outside to tho conduotlng support on wliieh 
the electroscope rests. Tho object of this is to maintain the walls Always at the 
potential of the earth. 
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n!tiiu*tt*t-s to Ik* 
In i viral power 
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many respects the most. satisfactory loinm 
had. Their use, both in laboratories and 
plants, is rapidly increasing. The\ 
can bo made, to measure a 1Mb us 
small as •, (1 ‘ 0(| volt and as largo as 
200,000 volts. Fig. 230 shows our 
of the simpler forms. The outer ease 
is of metal ami is connected to earth jj[ 
at the point <t. The body whose 
potential is sought is conneeted 
to the knob h. This is in melallie 
contact with the light aluminium 
vane a, which takes the place of the 
gold half. 

A very convenient way of mens 
uring a l a rye P.l>. without a volt 
meter is to measure the length of the 
spark whieh will pass between the 
two bodies whose. 1Mb is sought. 

The IM). is roughly proportional to spark length, c.u h eenti* 
meter of spark length representing u IM b of about 3u,nuu \ nits, 
if the electrodes arc large compared to their di^tum-e apart. 


■V . 

it" 



302. Condensers, Ltd a useful plat*’ t mounded »•» an unuhtting 

base and eounetded with an elt’tdroM’itjw', ;o tn Ft.;. 2P* l.«-i a ><vund 

plate li he Himilarly mounted and ruiineeted to th«- muth l<> a «ottdtu ting 
wire, lad A he A H 

charged ami the 

deflection of Urn 

gold leaves noted. 

If, now, we. push Ji 
toward A, we shall 
observe that as it 
cornea near, Urn Vw ‘ a4 °* The priorithe r 

leaves begin to fall together, showing that the j*»l«mtwl .4 f e* dimin¬ 
ished by the presence of ll, although the <pmuttt) of eleeitn iH on ,1 hw 
remained uuchanged. If we convey additmual - < iu*)g«^ to I with the 













(.<u:nt Ai-khh.vniiho Vtn/I'A (1745-1827) 


•out Kalian pltyHieiMl., profcsHor al Como anil at. Pavia; inventor 
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iltalo pile (a form of galvanic coll); Ural; nmaanrod Mm potential 
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aid of a proof piano, wo shall find that many timos the original amount 
of eleetrieity may now ho put on .-l before the leaves return to their 
original divergence ; that is, before the body regains its original potential. 

We way, therefore, that the capacity of A for holding elec¬ 
tricity has been very greatly increased by bringing near it 
another conductor which is connected to earth. It is evident 
from this statement that we, 'measure the capacity of a body by 
the amount of electricity which must be put upon it to raise it to 
a yiven potential. The explanation of the increase in capacity 
in this case is obvious. As soon as B was brought near to A 
it became charged, by induction, with electricity of opposite 
sign to A, the electricity of like sign to A being driven off to 
earth through the connecting wire. The attraction between 
these opposite charges on A and B drew the electricity on A 
to the face nearest to Ji and removed it from the more remotes 
parts of A, so that it became possible to put a very much 
larger ehargo on A before the tendency of the electricity on A 
to pass over to the electroscope became as great as it was at 
first; that is, before the potential of A. rose to its initial value. 
In such a condition the electricity on A is said to be " bound ” 
by the opposite electricity on It. 

An armnyernent of this sort eonsistiny of two conductors sepa¬ 
rated by a nonconductor is called a condenser. If the conducting 
plates are very close together and one of them grounded, the 
capacity of the system may he thousands of times as great as 
that of one of the plates alone. 

303. The Leyden jar. Tho most common form of condenser 
is a glass jar coated part way to the top inside and outsido 
with tin foil (Fig. 241). Tho inside coating is connected by a 
chain to the knob, while the outside coating is - connected to 
earth. Condensers of this sort first came into use in Leyden, 
Holland, in 1745. Hence they are now called Leyden jars. 

To charge a Leyden jar the outer coating is held in the hand while 
the knob iH brought into contact with one terminal of an electrical 
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machine, for example the negative. As fast as electrons pass to the 
knob they spread to the inner coat of the jar, where they repel electrons 
from the' outer coat to the earth, thus leaving it positively charged. If 
the inner and outer coatings are now connected by a discharging rod, 
as in Fig. 241, a powerful spark will be produced. Let a charged jar 
be placed on a glass plate so as to insulate 
the outer coat. Let the knob be touched with 
the finger. No appreciable discharge will be 
noticed. Let the outer coat be in turn touched 
with the finger. Again no appreciable discharge 
will appear. But if the inner and outer coatings 
are connected with the discharger, a powerful 
spark will pass. 

The experiment shows that' it is im¬ 
possible to discharge one side of the jar 
alone, for practically all of the charge is hound by .the opposite 
charge on the other coat. The full discharge can therefore 
occur only when the inner and outer coats are connected. 

Electrical Generators 

304. The electropnorus. The electrophorus is a simple elec¬ 
trical generator which illustrates well the principle underlying 
the action of all electrostatic machines. All such machines 
generate electricity primarily by induction, 
not by friction. B (Fig. 242) is a hard rub¬ 
ber plate which is first charged by rubbing 
it with fur or flannel. A is a metal plate 
provided with an insulating handle. When 
the plate A is placed upon A, touched with 
the finger, and then removed, it is found 
possible to draw a spark from it, which in Fig. 242. The elec- 
dry weather may be a quarter of an inch tropliorus 
or more in length. The process may be repeated an indefinite 
number of times without producing any diminution in the size 
of the spark which may be drawn from A. 




Fig. 241. The Leyden 
jar 
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If fbo sign of the charge' on A is tested by moans of an elec¬ 
troscope, it will bo found to be positive. This proves that A 
has boon charged by induction, not by* contact with /»’, for it 
is ft) bo remembered that the latter is charged negatively. The 
reason for this is (hat oven when A rests upon /> it is in reality 
separated from it, at, all but a very few points, by an insulating 
layer of air; and, since II is a nonconductor, its charge, cannot 
pass off .appreciably through these lew points of contact. If 
simply repels negative electricity to the top side of the metal 
plate A, and thus charges positively the lower side. The nega¬ 
tive passes off to earth when the plate is touched with the 
linger. Hence, when the linger is removed and ./ lifted, it 
possesses a strong positive charge. 


305. The Toepler-Holtz electrical machine. The. ordinary static ma¬ 
chine is nothing but a continuously acting eleetrophorus. Kig. 12*13, (l), 
represents the so-called Toopler-IIult/. type of Hindi a machine. Upon 



Km. 24.S, Tueplcr-Holfz induction nmchino 


the hack of the stationary plate K are pasted paper sectors, beneath 
which are strips of tin foil All and CD, railed iurlurturs. In front of K 
is a revolving glass plate carrying disks /, m, n, n, />, and (/.called aivricrx. 
To the inductors AD and CD are fastened metal arms / and rt, which 
bring ('and D into electrical contact with the. disks /, hi, u, a, /*, and (/, 
when these disks pass beneath the tinsel brushes carried by ! and ?/. A 
stationary metallic mil rs carries at its ends stationary brushes as well 
as sharp'puiuted, metallic combs. The two knobs I! and S have, their 
capacity increased hy the bcydhn jars /, and //, the outer coatings of 
which arc connected beneath the bast; of the machine. 









288 


STATIC ELECTRICITY 


306. Action of the Toepler-Holtz machine. The action of the machine 
described above is best understood from the diagram of Fig. 243, (2). 
Suppose that a small + charge is originally placed on the inductor CD. 
Induction takes place in the metallic system consisting of the disks 
l and o and the rod rs, l becoming negatively charged and o positively 
charged. As the plate carrying l, m, n, o, p, q rotates in the direction 
of the arrow the negative charge on l is carried over to the position in, 
where a^ part of it passes over to the inductor AB, thus charging it 
negatively. When l reaches the position n, the remainder of its charge, 
being repelled by the negative which is now on AB, passes over, into 
the Leyden jar L. When l reaches the position o, it again becomes 
charged by induction, this time positively, and more strongly than at 
first, since now the negative on AB, as well as the positive on CD, is 
acting inductively upon the rod rs. When l reaches the position it, its 
now strong positive charge pulls negative from CD, thus increasing the 
positive charge upon this inductor. In the position v negative is pulled 
out of L', thus leaving it positively charged and discharging l. This 
completes the cycle for l. Thus, as the rotation continues, AB and CD 
acquire stronger and stronger charges, the inductive action upon rs 
becomes more and more intense, and positive and negative charges are 
continuously imparted to L' and L 
until a discharge takes place between 
the knobs R and S. 

There is usually sufficient charge 
on one of the inductors to start the 
machine, but in damp weather it will 
often be found necessary to apply a 
charge to one of the inductors before 
the machine will start. 

307. The Wimshurst electrical ma¬ 
chine. The essential difference be¬ 
tween the Toepler-Holtz (Fig. 243) 
and the Wimshurst electrical ma¬ 
chine (Fig. 244) is that the latter has 
two plates revolving in opposite direc¬ 
tions, and that these plates.carry a 
large number of tin-foil strips which 
act alternately as inductors and as carriers, thus dispensing with the 
necessity of separate inductors. The action of the machine may be 
understood readily from Fig. 245. Suppose that a small negative 
charge is placed on a. This, acting inductively on the rod rs, charges 



Fig. 244. The Wimshurst induc¬ 
tion machine 
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positively. When a' in the course of the rotation reaches the posi¬ 
tion //, it acts inductively upon the. rod s'r' and thus charges the disk b 
negatively. It will be. seen that henceforth all the disks in the inner 
circle receive + charges as they pass the brush, r, and that all the 
disks in the outer circle, that is, on the 
back plate, receive — charge's as they 
pass the brush /. Similarly, on the 
lower half of the plates all the disks on 
the inner circle receive — charge's as 
they pass the brush s, and all the disks 
on the outer circle receive + charge's as 
they pass the brush r\ 

When the positive charges on the 
inner disks come, opposite the combs 
c, they are transferred to the + knob 
of the machine or to the Leyden jar 
connected with it. The same process is occurring on the. other side, 
whore — charges are being taken off. When a spark passes, the Leyden 
jars and the connecting system of eonuucturs are restored to their 
initial conditions and the process begins again. 



I'm. 245. Principle of Wims- 
lmrst machine 


QUESTIONS AND PROBLEMS 

1. With a stick of scaling wax and a piece of flannel, in what two 
ways could you give a positive charge to an insulated body? 

2. Will a solid sphere hold a larger charge of electricity than a 
hollow one of the same diameter? 

3. When a negatively electrified cloud passes over a house provided 
with a lightning rod, the rod discharges positive electricity into the 
cloud. Explain. 

4. Why is the capacity of a conductor greater when another con¬ 
ductor connected to the earth is near it than when it stands alone? 

5. A Leyden jar is placed on ft glass plate and 10 units of electricity 
placed on the inner coating. The knob is then connected to a gold-leaf 
electroscope!. Will the leaves of the electroscope stand farther apart now 
or after the outside coating has been connected to the earth ? 

6. Why cannot a Leyden jar bo appreciably charged if the outer 
coat is insulated? 

7. Why is it not necessary to connect to earth the outer coatings 
of the Leyden jars on an electrical machine to ehurge them fully, pro* 
vided they are connected to one another ? 
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ELECTRICITY IN MOTION * 

Detection and Measurement ok Keectkic Currents 
308. Electricity in motion produces a magnetic effect. Let a 

powerfully charged Leyden jar lie discharged through a coil which sur 
rounds an umnugnetized knitting needle, insulated hy a glass tube, in 
tlui manner* shown in Fig. til(>. 

After the discharge the needle, 
will he found to he distinctly 
magnetized. If the sign of the 
charge on the jar is reversed, the 
poles will in general he reversed. 

The experiment shows (lull. 
tlio.ro is a do,finite connection 
between electricity and mag¬ 
netism. Just what this con¬ 
nection is we do nut yet know 
with certainty, but wo do know that magnetic e(Teels are always 
observable near the path of a moving electrical charge, while 
no such effects can ever he observed near a charge, ul. rest. 

To prove that a charge, at rest docs not produce a magnetic elTeel, 
let a charged body he brought near a compass needle. It will at trad, 
either end of the needle with equal readiness. While the needle is 
deflected, insert between it and the. dlarge a sheet of zinc, aluminium, 
brass, or copper. This will act as an electric screen (see § 21HI, p. 2.'U ) 
and will therefore out off all elTeet of the. charge. The compass needle 
will at once swing hack to its uortli-aud-south position. 

* This chapter should lie accompanied nr, heller, pirrcdcd hy hihorntory experi¬ 
ments on the simple cell and on the magnetic effects of a current. Hue, for exam¬ 
ple, Experiments 28, 2U, and IK) of dm authors' manual. 
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Em. 2'l(i. -Magnetizing effect, of spat k 
on kidding needle 
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Let the compass needle be deflected by a bar magnet and let the 
screen be inserted again. The sheet of metal does not cvvt off the mag¬ 
netic forces in the slightest degree. 

The fact that an electric charge exerts no magnetic force is shown, 
then, both by the fact that it attracts either end of the compass needle 
with equal readiness, and also by the fact that the screen cuts off its 
action completely, while the same screen does not have any effect in 
cutting off the magnetic force. 


An electrical charge in motion is called mi electric current , 
and its presence is most commonly detected by the magnetic 
effect which it produces. 

309. The galvanic cell. When a Leyden jar is discharged, 
but a very small quantity of electricity passes through the con¬ 
necting wires, since the current lasts for but a small fraction 
of a second. If we could keep a current flow- _ 

ing continuously through the wire, we should / j 
expect the magnetic effect to be much more MnmL 
pronounced. It was in 1786 that Galvani, an Af^r^ 

Italian anatomist at the University of Bologna, MW 
accidentally discovered that there is a chemical 

method for producing such a continuous cur- F , I0 ‘ 2 ? 7 '. Rm l: 

, TT- T , 1,1! l>lo voltaic cell 

rent, lbs discovery was not understood, how¬ 
ever, until Volta, while endeavoring to throw light upon it, 
in 1800 invented an arrangement which is now known 
sometimes as the voltaic and sometimes as the galvanic coll. 
This consists, in its simplest form, of a strip of copper and 
a strip of zinc immersed in dilute sulphuric acid (Fig. <-247)'. 

Let the terminals of such a cell bo /fes/ Z_ 

connected far a few seconds to tlio /if /)/ 

ends of the coil of Fig. 24fi when an J._- 

unmagnetized needle lies within the 
glass tube. The needle will be found 

to have become magnetite,! nmcli m Ocr»!o,l’» experiment 

more strongly than before. Again, 

let tlie wire which connects the terminals of the, cell be held above a 
magnetic needle, as in Fig. 248; the needle will be strongly deflected. 


Fig. 248. Oersted’s experiment 
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Evidently, then, the wire which connects the torniinalu of a 
galvanic cell carries a current of electricity. Historically the 1 
second of these experiments, performed by the Danish physicist 
Oersted in 1820, preceded the discovery of the magnetizing 
effects of currents upon needles. It created a great deal oi 
excitement at the time, because it was the first, clue which 
had been found to a relationship between electricity and 
magnetism. 

310. Plates of a galvanic cell are electrically charged. Since 
an electric current ilows through a wire as soon as itds touched 
to the zinc and copper strips of a galvanic cell, we at once 
infer that the terminals of such a cell are electrically charged 
before they are connected. That this is indeed the ease may 
be shown as follows: 

Let a metal plate A (Fig. 210), covered with .shellac on its lower side 
and provided wiUi an insulating handle, he placed upon a Hinttlur plate 
B which is in contact with the knoh of an electroscope. Let the copper 
plat© of a galvanic coll ho. eonnoetod with A and the zinc plate with B, 
as in Fig. 52-10. Then lid the connecting wires 
he removed and the plate A lifted away from 
B. The opposite electrical charges which were 
bound by their mutual attractions to the adja¬ 
cent faces of .1 and /l, so long as these fucoH 
wore separated only by the tldn coat of shellac, 
are freed as soon as A is lifted, and hence part 
of the charge on li pusses to the loaves of the 
electroscope. Those leaves will indeed he seen 
to diverge. If an ebonite rod which has been 
rubbed with flannel or cat’s fur is brought near 
the electroscope!, thn leaves will diverge still farther, thus showing that 
the zinc plate of the galvanic, cell is negatively charged,# If the experi¬ 
ment is repeated with the copper plate in contact with B and tlm zinc 
in contact with /l, the loaves will bo found to be positively charged. 

* If the deflection of tlm gold leaves is too small for purposes of demonstration, 
let a battery of from five to ton cells bo used Instead of tlm single cell. However, 
if the plates A and li are three or four Inches in diameter, and If their surfaces 
are very flat, a single cell is sufficient. 



Fut. U4D. Showing 
charges on plates of 
a voltaic, coll 
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The terminals of a galvanic coll therefore carry positive 
and negative charges just as do the terminals of an electrical 
machine in operation. The + charge is always found upon the 
copper and the — charge upon the zinc. The source of these 
charges is the chemical action which takes place within the 
cell. When these terminals arc, connected by a conductor a 
current flows through the. latter just as in the case of the 
electrical machine, and it is the universal custom to consider 
that it flows from positive to negative (set! § 300 and footnote), 
that is, from copper to zinc. 

311. Comparison of a galvanic cell and static machine. If 

one of the terminals of a galvanic cell is touched directly to 
the knob of a gold-leaf electroscope, without the use of the 
condenser plates A and li of Fig. 249, no divergence of the 
leaves will bo detected ; but if one knob of the static! machine 
in operation were so touched, the leaves would probably bo 
torn apart by the violenco of the divergence. Since wo have 
seen in § 301 that the divergence of the gold leaves is a meas¬ 
ure of the potential of the body to which they are connected, 
we learn from this experiment that the chemical actions in the 
galvanic cell arc able .to product! between its terminals but a 
very small, potential difference in comparison with that pro¬ 
duced by the static, machine between its terminals. As a matter 
of fact the potential difference between the terminals of the 
cell is about one. volt, while, that between the knobs of the 
electrical machine may be as much us 200,000 volts. 

But if the knobs of the static machine arc connected to the 
ends of the wire of Fig. 248, and the machine operated, the eur- 
*rent sent through the wire will not be largo enough to produce 
any appreciable effect upon the needle. Since under these same 
circumstances the galvanic cell produced a very large effect 
upon the noodle, we learn that although the coll develops a very 
small P.D. between its terminals, it nevertheless sends through 
the connecting wire very much more electricity per second 
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than the static machine is able to send. This is because the 
chemical action of the cell is able to recharge- the plates to 
their small P.I). practically as fast as they are discharged 
through the wire, whereas the static machine requires a rela¬ 
tively long time to recharge its terminals to tlieir high 1M). 
after they have been once discharged. 

312. Shape of the magnetic field about a current. If we pluee 

the wire, which connects the plait's of a galvanic cell in a vertical posi¬ 
tion [Fig. 250, (1)] and explore with a compass needle the shape of the 

(1) (M) 




Fun 250. Magnetic Held about a current 

magnetic fitdd about the current, we find that the magnetic lines art' 
concentric circles lying in a plane perpendicular to the wire ami having 
the wire as tlie.ir common center. If we reverse the direction of the 
current, we, find that the direction in which the compass needle points 
reverses also. If the current is very strong (say -10 amperes), this shape 
of the field can he shown by scattering iron filings on a plate through 
which the current passes, in the manner shown in Fig. 2fiU, (l). If tin* 
current is weak the. experiment should he performed as indicated in 
Fig. 250, (2). 

The relation between tlie direction in which the, current 
flows and the direction in which the N pole of the needle 
pointy (lhiy is, by definition, the dimotion of the magnetic: 
field) is given in the following convenient rule: If the right 










Fi<i. 251. Tlio right-hand rule 
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hand grasp* the wire as in Fig. S31, so that the. thumb points in 

the direetwn tn which the current is flowing , then the magnetic 

lines encircle the wire in the 

same direction as do the fingers 

of the hand. t == ^\ 

313. The measurement of elec- 

trical currents. Electrical our- Fl<1 * T1|G rule 

rents are, in general, measured by the strength of the magnetic 
effect which they are able to produce under specific conditions. 
Thus, if the wire carry- -— 

ing a current is wound 

magnetic ' held at the 

c.e.ntor of the coil is ' -• 

aimilur to tliat shown F, “' MaK1K "' i ‘; 1101,1 ab,,ut , a , '' llTJ,hu ' 0011 

currying a cummL 

in the figure. I f, then, 

the coil is placed in a north-and-south plane and a compass 
needle is placed at the center, the passage of the current 
through the coil tends to delleef the needle 
so as to make it point e.ast and west. The 
amount of deflection under these conditions < ( 

is taken as the measure of current strength. S 

The unit of current is culled the ampere and /ran ‘ 
is in fact approximately the same, as the cur- ^ W 
rent which, flowing through a" circular coil II JJ 
of throe turns and 10 centimeters radius, set 
in a north-and-south plane, will produce a Fee ^5;i. Hhnplo 
.lollooUou of 46 .Which at Washington i.i a 

” , n vanoniotor 

small compass needle placed at its center. 

.The legal definition of the ampere is, however, based on 
the chemical effect of a current. If will be given in § 389. 


Fid. 252. Magnatic, Hold about a oirailar coil 
carrying a current 
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Nearly all cum’eiit-moasnring instruments consist essentially 
either of a small compass noodle at the (•.enter of a fixed coil 
as in Fig. 252, or of a movable eoil 
suspended between the poles of a 
lixed magnet in the manner illus¬ 
trated roughly in Fig. 252. The pas¬ 
sage of the eurrent through the eoil 
produces a deflection, in the. first ease, 
of the magnetic needle with refer¬ 
ence to the lixed eoil, and in the, 
second ease, of the coil with reference 
to the lixed magnet. If the instru¬ 
ment has been calibrated to give 
tho strength of the eurrent directly 
in amperes, it is called an ammeter, 
otherwise a galvanometer (Fig. 254 ). 

QUESTIONS AND PROBLEMS 

1. How could you test whether or not the strength of an electric 
current is tlrn same in all parts of a circuit? 'try it,. 

2. Under what conditions will an electric charge produce a magnetic 
effect? 

3., In what direction will the north pole of a magnetic needle he 
deflected if it inhcdd above a current flowing from north to south? 

4. A man stands beneath a norUeand-south trolley line and finds that 
a magnetic needle in Ins hand has its north polls deflected toward the 
oast. What is the direetion of the current flowing in the wire? 

5. A loop of wire lying on the table carries a current whleh flows 
around it in clockwise direction. Would a north magnetic jade at the 
center of the loop tend to move up or down? 

6. When a compass needle is placed, as in Fig, 252, at the middle of 
a coil of wire which lies in a north-and-south plane, the deflection pro¬ 
duced in the needle by a current sent through the coil is approximately 
proportional to the strength of the current, provided the deflection is 
small — not more, for example, than 20° or 2f>“; but when the deflection 
becomes large — say GO' 1 or 70" - it increases very much more slowly 
than does the current which produces it. Can you see any reason why 
this should be so? 



Fio, 254. A lecture-table 
galvanometer 














ANi.ufe Mahib AmH«ub (1775-1886) 


French physicist and mathematician; huh of one of tho vlc.tiniH 
of tho guillotine in professor at tho Polytechnic School in 

Paris and later at the (lollege of Franco; began Ida experiments 
on electromagnetism In IK20, very soon after Oersted's discovery; 
published his great memoir on tho magnetic effects of currents 
in lHUit; llrst stated I he rule for tho relation between tho direction 
of a current in a wire and the dlreetlon of tho magnetics Held 
about It. Tho ampere, the practical unit of current, is named 
In his honor 
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Electromotive Foroe and Resistance 

314. Electromotive force and its measurement.* Tim poten¬ 
tial difference whieh a galvanic coll or any other generator of 
electricity is able to maintain between its terminals when 
the.se terminals are. not connected, by a wire, that is, the total 
electrical pressure which the gem orator is capable of exerting, 
is commonly culled its eleetromotive foree, usually abbreviated 
to E.M.F. The .P.M.P. of an. elee.trleal generator ‘may then he 
defined an itn oapaeitj/ for produein</ eleetrieal prexxnre , or P. f). 
This P.l). might be measured, as in § 301, 
by the deflection produced in an electro¬ 
scope when one terminal was connected to 
the cast' of the electroscope and the other 
terminal to the knob. Potential differ¬ 
ences are in fact measured in this way in 
all so-called electrostatic voltmeters. 

The more common type of poleutiul- 
diiTereneo measurer consists, however, of 
an instrument made like a galvanometer 
(Fig. 254), save, that the coil of wire is 
made of very many turns of extremely 
line wires so that if carries a very small 
current. The amount of current which it does carry, however, 
is proportional to the difference in electrical pressure existing 
between its ends when these are touched to the two points 
whose P.l). is sought. The principle underlying this typo of 
voltmeter will be better understood from a consideration of 
the following wafer analogy. If the stopcock K (Fig. 255) 
in the pipe connecting the water tanks (! and I) is closed, and 
if the wafer wheel A is set in motion by applying a weight IK, 
the wheel will turn until it creates such a difference in the 

* This Hiibject alumld lm preceded or aecompanled by laboratory work on 
E.M.F. Boo, for example, Experiment 131 of the aullumT manual. 
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water levels between (J and I) that the back pressing 
the left face of; the whe.el steps it and brings (he woi^g, 
rest. In precisely the same way the chemical action NV 
the galvanic cell whose, terminals are not joint' ■1 CI-V 
develops positive and negative charges upon these. l<» rm j 
that is, creates a IM). between them, until the back oleet 
pressure through the cell due. to this l\D. is suflieiout, p 
a stop to further chemical action, The scat of the 
at the surfaces of contact of the, metals’with the at*bp NV 
the chemical actions take place. The K.M.F. of the. col I J U i 
water analogy in the wheel **/, which creates 
the difference in water level between Omul IK 

Now, if the water reservoirs (Fig. -ho) are (t/ r 
put in cmnmunie.ation by opening the slop- ©fr 
cock K , the difference in level bid,ween 0 and .V. 

I) will begin to Call, and the wheel will begin F" 

to build it up again. But if the carrying eapae- 

ity of the pipe ah is small in comparison with j,. I(J j 

the e.apae.ity of the wheel to remove water urcmtutitif 

from J) and to supply it to (/, then the differ- l><'Uvt»<*n th 

enco of level which permanently exists between '"''v^nlc^c! 

C and J) when K is open will not be appreciably 

smaller than when it is closed. In this ease the eumnil, w 

flows through A11 may obviously he, taken as a moimur 

the difference in pressure which the pump is able to main 

between 0 and J) when K is (dosed. 

In precisely the same way, if the terminals O and /> of 
cell (Fig. 25(1) are connected by attaching to them t.ho 
minals a and h of any conductor, they at once begin to 
chargo through this eemduetor, and their IM). therefore*. la* 
to fall. But if the ehe.mieal action in the c.cll is able to rendu 
0 and D very rapidly in comparison with the ability of 
wire to discharge them, then the P.1). between (!> and I> 
not be appreciably lowered by the presence of the comma 


Kns. idrut. i 
Ul'emtUtl.nf 
tict.Wfon th 
mimtlH of t 

vault* e< 
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concluc.lior. In this ease the current which Rows through the 
ooi id noting coil, and therefore the delleetion of the needle at 
its miter, may he taken as a measure of the electrical pres¬ 
sure developed by the cell; that is, of the P.D. between its 
unconnected terminals. 

The common voltmeter is, then, exactly like an ammeter, 
save that it offers so high a resistance to the passage of elec¬ 
tricity through it that if does not appreciably reduce the P.I). 
between the points to which it is connected. 

To determine experimentally whether or nob touching the ends of 
any particular galvanometer to the terminals of a cell docs appreciably 
lower their IU)., let the galvanometer in question* be connected 
directly to the terminals of the cell anil the dolloo- 
tion noted; then let the ends of a second coil of 
wire which has exactly the. same, carrying capacity 
as the galvanometer coil he. also touched to the 
terminals, the galvanometer coil being still in cir¬ 
cuit. If the second coil has sudieient carrying 
capacity to appreciably discharge, the terminals, the 
delleetion of the needle of the galvanometer will he 
instantly diminished when the ends of the second 
coil are brought info contact with them. If no such Tm. 257. Looturo- 
dimuiution is observed, we may lc now limb the second table voltmeter 

noil does not discharge the terminals of the cell fast 
enough to appreciably lower their 1M)., and hence that the introduction 
of the first coil, which was of equal carrying capacity, also did not 
appreciably lower the IM>. between Urn terminals. To show that a coil 
of grimier carrying capacity will at once lower Urn 1*.I). between (1 and 
1) as soon ns it is touched across them, let a coil of thicker wire bo so 
touched. The deflection of the needle will bo diminished instantly. 

315. The electromotive forces of galvanic cells. Lot a voltmeter 
of any sort be connected to the terminals of a simple galvanic coll, like 
that of Fig. 2*17. Then let the distance between the plates and the 

* A vertical lecturo-tablo voltmeter (Fig. 257) and a similar altimeter aro desir¬ 
able for this and some of the following experiments, but homemade high- and 
low-resistance galvanometers, like those described in the authors’ manual, are 
thoroughly satisfactory, save for the fact that one student must take the readings 
for the doss. 










250 


ELECTRICITY IN MOTION 


amount of their immersion be changed through wide limits. It will lie 
found that the deflection produced is altogether independent of the 
shape or size of the plates or their distance 
apart. But if the nature of the plates is 
changed, the deflection changes. Thus, while 
copper and zinc in dilute sulphuric acid 
have an E.M.F. of one volt, carbon and 
zinc show an E.M.F. of at least 1.5 volts, 
while carbon and copper will show an 
E.M.F. of very much less than a volt. 

Similarly, by changing the nature of the 
liquid in which the plates are immersed, 
we can produce changes in the deflection of 
the voltmeter. 

We learn therefore that the E.M.1F. Fig.258. Showing method 

of a galvanic cell depends simply upon of connecting voltmeter 

the materials of which the cell is com- 1,0 between any 

two points m and n on an 

posed and not at all upon the shape , electrical circuit 

size, or distance apart of the plates. 

316. Fall of potential along a conductor carrying a current. 

Not only does a P.D. exist between the terminals of a cell on 



open circuit, but also between any two points on a conductor 


through which a current is passing. 
For example, in the electrical circuit 
shown in Fig. 258 the potential at 
the point a is higher than that at m , 
that at m higher than that at n, etc., 
just as in the water circuit shown in 
Fig. 259, the hydrostatic pressure at 
a is greater than that at m, that at m 
greater than that at n, etc. The fall 
in the water pressure between m and 
n (Fig. 259) is measured by the water 
head n's. If we wish to measure the 



fall in electrical potential between 
m and n (Fig. 258), we touch the 


Fig. 269. Hydrostatic anal¬ 
ogy of fall of potential in an 
electrical circuit 
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terminals of a voltmeter to these points in the manner shown 
in the figure. its reading gives ns tit once the P.I). between 
•m and n in volts, provided tilways that its own current-carrying 
capacity is so small that it does not appreciably lowin’ the LM). 
between the points m and n by being tonehed across them; 
that is, provided the, current which Hows through it is negli¬ 
gible in comparison with that which flows through the con¬ 
ductor which already joins the points m and n. 

317. Electrical resistance. 4 Lei. the cmmil. of a galvanic? cell be 
connected through a lecture.-tahle. ammeter, or any low-resistance; .gal¬ 
vanometer, and, for example, 20 feet of No. 80 copper win;, and let the 
deflection of the needle lx? noted. Then let the copper wire; be replaced 
by an equal length of No. 80 German-silver wire. The deflection will 
lx; found to be. a very small fraction of what it was at first. 

A coll, therefore, which is capable of developing a certain 
fixed electrical pressure is able to force very much more cur¬ 
rent through a given win; of copper than through an ex¬ 
actly similar wire of (jerman silver. YVe say, therefore, 
that (jerman silver oilers a higher remlanm to the passage 
of electricity than does copper. Similarly, every particular 
substance lias its own characteristic, power of transmitting 
electrical currents. Since silver is the best conductor known, 
resistances of different substances are commonly referred to 
it as a standard, and the ratio between the resistance of a 
given wire of any substance and-the, resistance of an exactly 
similar silver wire is ealled the xpedfu: rmixtanaa of that sub¬ 
stance. The specific resistances of some of the commoner 
metals in terms of silver are given below: 

Silver . . . 1.00 Soft, iron . . 0.00 (human xilver . 14 20 

Copper ... 1.11 Nickel . . . 4.07 Hard wtoel . . 18.fi 

Aluminum . 1.H7 Platinum . . 7.20 Mercury . . . 08.1 

*T1i1b nubjoet hIioiiUI lx; accompanied and followed by laboratory experiments 
on Ohm's law, on the comparison of win; rosIslnnoiiH, and on tin? measurement of 
internal resistances. Hue, for example, ICxperimoute 02, 80, anti 04 of the authors’ 
manual. 
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The resistance of any conductor is directly proportional to 
its length and inversely proportional to the area of its cross 
section. 

The unit of resistance is the ohm , so called in honor of the, 
great Gorman physicist, (Je.org < )lnn (I 789 18f>l). A length 
of 9.85 feet of No. 80 copper wire, or ti.2 inches of No. 80 
German-silver wire, has a resistance of about one. ohm. The 
legal definition of the ohm is a resistance equal to that of a column 
of mercury 100.8 centimeters long and 1 square millimeter in cross 
section , at 0° 0. 

318. Resistance and temperature, bet the rhvmt of a galvanic, 
cell be closed through a very low-resist,ance galvanometer and about 
10 feet of No. 00 iron wins wrapped about a strip of asbestos. Lot iho 
deflection of the galvanometer lie observed ns Urn wire is heated in a 
Bunsen flame. Ah the temperature rises higher and higher the current 
will be found to fall continually. 

The, experiment shows that the resistance of iron increases 
with rising temperature. This is a general law which holds for 
all metals. In the ease of liquid conductors, on the other bund, 
the resistance usually decreases with increasing temperature. 
Carbon and a few other solids show a similar behavior, (lie 
filament in an incandescent electric, lamp having only about 
half the resistance when hot which it has when cold. 

319. Ohm’s law. In 1821) Ohm announced t.he, discovery 
that the currents furnished by different galvanic cells, or eombi- 
nations of cells, are always directly proportional to the E. M. E.'s 
existing in the circuits in which the currents fon\ and inversely 
proportional to the total resistances of these circuits ,* that, is, if C 
represents the current in amperes, M the, E.M.R in volts, and 
B the resistance of tlm circuit in oluus, then Ohm’s law as 
applied to the complete circuit is: 

« B . . electromotive force 

C = —■; that is, current = —-.- _ • (,«) 

B resistance 
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As applied to any portion of an electrical circuit, Ohm’s 
law is 

,, /’D ,1 , . . potential difference 

(• = —; that is, current = J ---, (2) 

v resistance 


•where 1M>. represents the difference of potential in volts be¬ 
tween any two points in the circuit, and r the resistance in 
olnns of the conductor connecting these two points. This is 
one of the most, important laws in physics. 

Both of the above statements of Ohm’s law are included in 
the equation: 

volts 

amperes = - - ■—-. (3) 


320. Internal resistance of a galvanic cell. but thu zinc and 

copper platen of a wimple galvanic coll lie connected to an ammeter, and 
the distance between the plates then increased. The deflection of the. 
fteedle will In* found to decrease; or, if the amount of immersion is 
decreased, the current also will decrease. 

Now, since, the. E.M.K. of a cell was shown in § 315 to be. 
wholly independent of the area of the plates immersed or of 
the distance between them, it will be seen from Ohm’s law 
that the change in the current in these eases must be due to 
some "change in tlm total resistance of the circuit. Since the 
wire which constitutes the. outside portion of the, circuit has 
remained the same, we onust conclude that the liquid within 
the celt, ax well ax the external wire , njferx re.xixtanec to the pax- 
xape of the current. This internal resistance of the liquid is 
directly proportional to 1,1k? distance between the plates, and 
inversely proportional to the, area of tho immersed portion of 
the plates. 1 f, then, we, represent the external resistance of tin? 
circuit of a galvanic, e.ell by and tho internal by Ji# Ohm’s 
law as applied to the entire circuit takes the form 


(4) 
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Thus, if a simple cell has an internal resistance of 2 ohms and an 
E.M.F. of 1 volt, the current which will flow through the circuit when 
its terminals are connected by 9.35 ft. of No. 30 copper wire (1 ohm) is 


—-— = .33 ampere. 

1 + 2 

321. Measurement of internal resistance. A simple and direct method 
of finding a length of wire which has a resistance equivalent to the 
internal resistance of a cell is to connect the cell first to an ammeter 
or any galvanometer of negligible resistance* and then to introduce 
enough German-silver wire into thfe circuit to reduce the galvanometer 
reading to half its original value. The internal resistance of the cell is 
then equal to that of the German-silver wire. Why? A still easier 
method in case both an ammeter and a voltmeter arc available is to 
divide the E.M.F. of the cell as given by the voltmeter by the current 
which the cell is able to send through the ammeter when connected 
directly to its terminals; for in this case R e of equation ft) is 0 ; there- 


</ 


F 

fore R{ = -£• This gives the internal resistance directly in ohms. 


y/ 322. Measurement of any resistance by ammeter-voltmeter 
method. The simplest way of measuring the resistance of a 
wire, or in general of any conductor, is to connect it into the 
circuit of a galvanic cell in the manner 
shown in Fig. 260. The ammeter A is 
inserted to measure the current, and the 
voltmeter V to measure the P.D. between 
the ends a and b of the wire r, the resist¬ 
ance of which is sought. The resistance 
of r in dims is obtained at once from the 
ammeter and voltmeter readings with the 



Fig. 260. Ammeter- 
voltmeter method of 
measuring resistance 


aid of the law C = 


P.D. 


from which it follows that r = 


P.D. 


Thus, if the voltmeter indicates a P.D. of .4 volt and the amme¬ 


ter a current of .5 ampere, the resistance of r is ^ = .8 olim.t 

.5 


* A lecture-table ammeter is best, hut see note on page 249. 
tThe Wheatstone's bridge method of measuring resistance is recommended 
for laboratory study. See, for example, Experiment 33 of the authors’ manual. 
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323. Joint resistance of conductors connected in series and in 
parallel. When resistances are eoiniee.tcd as in Fig. 201, so 
that the same current Hows 

Un-ou^h „f (.1,™ i„ 

succession, they are said to v < _j g _/ 

be. connected in 'I'lu*. Fr, ; .2<U. Series c,mnc,t,km8 

total resistance, of a number 

of conductors so connected is the sum of the several resist¬ 
ance's. 'Thus, in the case shown in the lignre, the total 
resistance between a and b is 10 ohms. 

When n exactly similar conductors are joined in the 
manner shown in Fig. 202, that is, in ‘parallel, the total 
resistance between a and l> is I /n of the resistance of one of 
them; for, obviously, with a given P.l). 
between the points a and b, four oondue- 
tors will carry four times as much cur- 
rent us one, and n conductors will carry 
h times as much current as one.. There- l j g_' 

fore the resistance, which is inversely 

...... . .. Fn;. 2(12. 1’amllrl cne- 

proportiomu to the carrying capacity (see Iul( , tii()llH 

§.‘U 1 ,)), is 1 jn as much as that of one.. 

Even if the resistances are not all alike, since the total 
current (' between a and b is obviously the sum of the currents 
in the launches, that is, since. (!~ • ( \ J- ^ ^»(- -f we have at 

once the. joint resistance A is given by • : + • • H~ ■ •-F 

h /(.j />.„ /i. 8 ,/» 4 

324. Shunts. A wire connected in parallel with another 

wire is said to he a ulianl to that wire. n 

'rims the conductor A' (Fig. 2(53) is said ^ 
to be shunted across the resistance A*. 

Under such conditions the currents ear- 1 m ’ A HluHlt ' 
riud by li and .V will be inversely proportional to their re¬ 
sistances, so that, if S is 1 ohm and li 10 ohms, It will carry 
■T* as much current as A', or of the whole current. 


.2(12. I’amllcl nm- 


onee {.lie joint resistance It is given by • 
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QUESTIONS AND PROBLEMS 

1. Two wires of the same material but of diameters irt the ratio 

1 to 2 are connected in series in the same electrical circuit. The fall of 
potential in the smaller wire is 2 volts per foot of length. What is it in 
the larger wire ? 

2. If the potential difference between the terminals of a cell on open 
circuit is to be measured by means of a galvanometer, why must the 
galvanometer have a high resistance ? 

3. How long a piece of Ko. 30 copper wire will have the same 
resistance as a meter of No. 30 German-silver wire? 

4. The resistance of a certain piece of German-silver wire is 1 olnn. 
What will be the resistance of another piece of the same length but of 
twice the diameter ? 

5. How much current will flow between two points whose P.D. is 

2 volts, if they are connected by a wire having a resistance of 12 ohms ? 

6. What P.D. exists between the ends of a wire whose resistance is 
100 ohms, when the wire is carrying a current of .3 ampere ? 

7. If a voltmeter attached across the terminals of an incandescent 
lamp shows a P.D. of 110 volts, while an ammeter connected in series 
with the lamp (see Fig. 200) indicates a current of .0 ampere, what is 
the resistance of the incandescent filament? 

8. Ten pieces of wire, each having a resistance of 5 ohms, are con¬ 
nected in parallel (see Fig. 202). If the junction a is connected to one 
terminal of a Daniell cell and b to the other, what is the total current 
which will flow through the circuit when the E.M.F. of the cell is 1 volt 
and its resistance 2 ohms ? 

9. A" voltmeter which has a resistance of 2000 ohms is shunted 
across the terminals A and B of a wire which has a resistance of 1 ohm. 
What fraction of the total current flowing from A to B will be carried 
by the voltmeter ? 

10. In a given circuit the P.D. across the terminals of a resistance 
of 19 ohms is found to be 3 volts. What is the P.D. across the termi¬ 
nals of a 3-ohm wire in the same circuit ? 

Primary Cells 

‘ 325. Study of the action of a simple cell. If the simple cell 
already described, that is, zinc and copper strips in dilute sulphuric acid, 
is carefully observed, it will be seen that, so long as the plates are not 
connected by a conductor, fine bubbles of gas are slowly formed at the 
zinc plate, but none at the copper plate. As soon, however, as the two 
strips are put into metallic connection, bubbles appear in great numbers 
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Fin.5d(!4. Chemical 
actions in tlio vol¬ 
taic coll 


about t-ho copper plate (Fig. 2(>1), and at. l,lio same time a current mani- 
fests itself in the •connecting wire. Those are hubbies oC hydrogen. 
Their appearance on the zinc may be, prevented 
either by using a plate of chemically part', zinc, or 
by amalgamating impure zinc.; that is, by coating 
it over with a thin (ilm of mercury. But the hub¬ 
bies on the copper cannot be. thus disposed of. 

They are. an invariable, accompaniment of the cur¬ 
rent in the circuit. If the current is allowed to 
run for a considerable time, it will be. found that 
the zinc wastes away, oven though it has been 
amalgamated, lmt. that the copper plate does not 
undergo any change. 

Wo loam, l.l loro fore, that the electrical 
current in tint simple coll is accompanied 
with the eating up of the /.ine plate by the liquid, and by the 
evolution of hydrogen bubbles at the copper plate. In every 
type of galvanic, cell notions similar to those two are always 
found ; that is, oi/c of (Jic. plates in always oaten up, and upon the. 
other plate, name element ix deposited. The plate which is eaten 
is always the one which is found to ho negatively charged 
when tested as in § 310, so that in all galvanic, cells, when 
the terminals art 1 , connected through a wire, the negative 
electricity flows through this wire from the eaten plate to the 
uneaten plate. This means, in accordance with the convention 
mentioned in § BOO, that the direction of the current 
through the external cirauit is always from the 
uneaten to the eaten plate. 

326. Local action and amalgamation. The cause 
of the appearance of the hydrogen bubbles at the 
surface of impure zinc when dipped in dilute sul¬ 
phuric, acid is that little electrical circuits are sot 
up between the zinc- and the small impurities in 
it, — carbon or iron particles, — in the manner 
indicated in Fig. 2H5. If the zinc is pure, these little local 
currents cannot, of course, be set up, and consequently no 


Km, 205. 
Local action 
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hydrogen bubbles* appear. Amalgamation stops this so-ealle.d 
local action, because, the mercury dissolves the y.ine, while it, 
does not dissolve the carbon, iron, or other impurities. The 
zinc-mercury amalgam formed is a homogeneous substance 
which spreads over the whole, surface, and covers up (he 
impurities. It is important, therefore, to amalgamate the zinc, 
in a battery in order to prevent, the consumption of the zinc, 
when the cell is on open circuit. The. y.ine. is under all circum¬ 
stances oaten up when the current is {lowing, amalgamation 
serving only to prevent its consumption when the circuit 
is open. 

327. Theory of the action of a simple cell, A simple cell 
may bo made of any two dissimilar metals immersed in a solu¬ 
tion of any acid or salt. For simplicity let us examine the 
action of a coll composed of plates of zinc, 
and copper immersed in a dilute solu¬ 
tion of hydrochloric acid. The chemical 
formula for hydrochloric, acid is IIC11. 

This means that each molecule of the. 
acid consists of one atom of hydrogen 
combined with one atom of chlorine. 



hi accordance with the theory now in 
vogue among physicists and chemists, 
when hydrochloric acid is mixed with 


Fm. U(WJ. Hhmvtufj dhmo- 
rialinii uf hydrochloric, 
iicid inolceuh'H in water 


warer so as to form a dilute solution, the IIOl molecules split 
up into two electrically charged parts, (tailed ionn t the hydro¬ 
gen ion carrying a positive charge and the chlorine ion an 
equal negative charge (Fig. 2(>(>), This phenomenon is known 
as dissociation. The solution as a whole is neutral; that is, it 
is uncharged, because it contains just as many positive as 
nogativo ions. 


When a zinc plate is placed in such a solution the acid 
attacks it and pulls zinc atoms into solution. Now whenever 
a metal dissolves in an acid, its atoms, for some yqkhpwn 


% 
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reason, go into solution bearing little positive charges. The 
vonrxpondiiif/ ncjjatwe ehan/ea muxt he left on the zinc plate in 
precisely the same way in which a negative charge is left on 
silk when positive electrification is produced on a glass rod 
by rubbing it with the silk. If is in this way, then, that we 
account for flic negative charge which we found upon the 
zinc plate in the experiment which was performed in con¬ 
nection with § 1110. 

The passage, of positively charged zinc, ions into solution 
gives a positive charge to the solution about the zinc plate, 
so that the hydrogen ions tend to be repelled toward the cop¬ 
per plate. Whim these repelled hydrogen ions reach the copper 
plate, some of them give up their charges to it and then collect 
as bubbles of hydrogen gas. It is in this way that we account 
for the positive charge which we found on the copper plate in 
the experiment of § 5110. 

If the zinc and copper plates are not connected by an out¬ 
side conductor, this passage of positively charged zinc ions 
into solution continues but a very short time, for the zinc soon 
becomes so strongly charged negatively that it pulls back on 
the + zinc ions with as much force as the acid is pulling them 
info solution. In precisely the same way the copper plate soon 
ceases to take up any more positive electricity from the hydro¬ 
gen ions, since it soon acquires a large enough + charge to 
repel them from itself with a force equal to that with which 
they are being driven out of solution by the positively charged 
zinc ions. It is in this way that we account for the fact that 
on open circuit no chemical action goes on in the simple gal¬ 
vanic cell, the zinc and copper plates simply becoming charged 
to a definite di(Terence of potential which is called the E.M.F. 
of the cell. 

When, however, the copper and zinc plates are connected 
by a wire, a current at once Hows from the copper to tlui zinc 
and the plates thus begin to lose their charges. This allows 
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the acid to pull more zinc into solution at the zinc plate, and 
allows more hydrogen to go out of solution at the copper plate. 
These processes, therefore, go on continuously so long as the 
plates are connected. Hence a continuous current flows through 
the connecting wire until the zinc is all eaten up or the hydro¬ 
gen ions have all been driven out of the solution; that is, until 
either the plate or the acid has become exhausted. 

328. Polarization. If the simple galvanic cell described be con- ^ 
nected to a lecture-table ammeter through two or three feet of No. 30 
German-silver wire, the deflection of the needle will be found to decrease 
slowly; but if the hydrogen is removed from the copper plate (this can 
be done completely only by removing and thoroughly drying the plate), 
the deflection will be found to return to its first value. 

The experiment shows clearly that the observed falling off 
in current was due to the collection of hydrogen about the 
copper plate. This phenomenon of the weakening of the current 
from a galvanic cell is called the polarization of the cell. 

329. Causes of polarization. The presence of the hydrogen 
bubbles on the positive plate causes a diminution in the 
strength of the current for two reasons: first, since hydrogen 
is a nonconductor, by collecting on the plate it diminishes the 
effective area of the plate and therefore increases the internal 
resistance of the cell; second, the collection of the hydrogen 
about the copper plate lowers the E.M.F. of the cell, because 
it virtually substitutes a hydrogen plate for the copper plate, 
and we have already seen (§ 315) that a change in any of 
the materials of which a cell is composed changes its E.M.F. 
That there is a real fall in E.M.F. as well as a rise in internal 
resistance when a cell polarizes may be directly proved in the 
following way: 

Let the deflection of a lecture-table voltmeter whose terminals are 
attached to the freshly cleaned plates of a simple cell be noted. Then 
let the cell’s terminals be short-circuited through a coarse wire for half 
a minute. As soon as the wire is removed the E.M.F., indicated by the 




voltmeter, will be found to 1 h i much lower than at first. It will, how¬ 
ever, gradually eree]) bank toward its old value as the hydrogen disap¬ 
pears from the plate, but U thorough eleauing and drying of tin* plate 
will be. necessary to restore, completely the original IO.M.K. 

Tlio different, forms of oa.lviini<*. cells in common use differ 
chielly in different, devices employed either for disposing of 
the hydrogen bubbles or for preventing' their c, 
format,ion. The most eonnnon types of such eel Is *3 

are deseribed in the follow- 

ing stitilionH. Amwgdi \ ? 

330. The Daniell cell. Cu, isSm -41 if IS 
The Daniell cell .e.onsists jS '1 

of a zinc, plate immersed in US-gi} . . -L b-C 

zinc, sulphate and a fopprr I 

plate, immersed in copper Mil, Jill | ;t- 

sulphate, the two liquids ^L—- I£l — 
lwi„ K apaH «1 Uut by K„, sot. TV <-,11 
means of an unglazed earthen cup, as in the type shown in 
Fig. 207,* or else by gravity, as in the typo shown in Fig. 2(>8. 
This last type, commonly called the gravity, or crowfoot, type, 
is used almost exclusively on telegraph lines. 

'The copper sulphate, being the. heavier of the 
two liquids, remains at the bottom about the I fllni 
copper plate, while the zinc sulphate remain’s ||H®H 1 
at the top about the zinc plate. |IL Jl 111 

In this cell polarization is almost entirely ISSS/Ej® 
avoided, for the reason that no opportunity is 
given for the formation of hydrogen bubbles. ^ gravity c'l'll"' 
For just as the hydrochloric acid solution de¬ 
scribed in § 327 consists of positive hydrogen ions and negative 
chlorine ions in water, so the zinc, sulphate (%nSO (| ) solution 
consists of positive zinc, ions and negative SO,, ions, and the 

•To Htifc lip, fill tho battery jar with a Maturated Holullon of copper Hulphate, 
Fill the porous cup with water aud add a handful of zinc sulphate crystals. 

t 


type shown in 


Km.-ailH. The 
gravity coll 
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copper sulphate solution of positive copper ions and negative 
SO ions. Now the /due. of the zinc, plate, goes into sululiou 
in the zinc. sulphato in precisely the same way that it goes 
into solution in the hydrochloric, acid of the simple cell de¬ 
scribed in § 827. This gives a positive charge to the solution 
about the. zinc, plate, and causes a movement of the positive 
ions between the two plates from the. zinc toward the copper, 
and of negative ions in the opposite direction, both the %n and 
the S0 4 ions being able to pass through the. porous cup. Since 
the positive ions about the e.opper plate consist of atoms of 
copper, it will bo seen that the material which is driven out 
of solution at tho copper plate, instead of being hydrogen, ns 
in the simple cell,, is metallic copper. Since, then, the element 
which is deposited oil the copper plate is the same as that of 
which it already consists, it is clear that neither the F.M.K. 
nor the resistance of the cell can be changed because of this 
deposit; that is, the cause of the polarization of the simple cell 
has been removed. 

The great advantage of the Daniell cell lies in the* relatively 
high degree of constancy in its K.M.F. ( l.OH volts). It has a 
comparatively high internal resistance, (one to six ohms) and 
is therefore incapable of producing very large currents, about 
ono ampere at most. It will furnish a very constant current, 
however, for a great length of time, in fact, until all of the 
copper is driven out of tho copper sulphate solution. In order 
to keep a constant supply of the copper ions in the solution, 
copper sulphate crystals are kept in the compartment S of the 
coll of Fig. 2(57, or in the bottom of the gravity cell. These 
dissolve as fast as the solution loses its strength through the 
deposition of copper on the copper plate. 

Tho Daniell is a so-called "closed-circuit” cell; that is, its 
circuit should be left closed (through a resistance of thirty or 
forty ohms) whenever the (tell is not in use.. If it is left on 
open circuit, the copper sulphate diffuses through tho porous 
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cup and a brownish muddy deposit of copper or copper oxide 
is formed upon Urn /dm*.. Pure copper is also deposited in the 
pores of the porous cup. Both of tlio.se actions damage the 
cell. When (ho circuit is closed, however, since the electrical 
forces always keep the copper ions moving toward the copper 
plate, these damaging effects a,re to a 
large extent avoided. 

331. The Weston normal cell; the volt. 

This cell consists of a positive electrode 
of mercury in a paste of mercurous sul¬ 
phate, and a negative electrode of cad¬ 
mium amalgam in a saturated solution of 
cadmium sulphate (Pig. SOO). It is so 
easily and exactly reproducible and has 
an KM.P. of such extraordinary con¬ 
stancy that if has been taken by international agreement as the 
standard in terms of which all KM.P.’s and P.D.’s are rated. 

Thus the KJ\I. I/ 1 of a Weston 'normal cell at 20° 0. is taken as 
1.01 H3 volts. The. leyal definition of the volt is then an electrical 
pressure e</ual to ^ () l ( H of that produced by a [Veston normal cell. 

332, The Leclanch6 cell. The Leelanchtf cell (Fig. 270) consists of a 
zinc rod iu a solution of ammonium chloride (150 grams to a liter of 
water), and a carbon plate placed inside of a porous 
cup which is packed full of manganese dioxide and 
powdered graphite or carbon. As in the simple 
cell, the Hi no dissolves in the liquid and hydrogen 
is liberated at the carbon, or positive, plate. Here 
it is slowly attacked by the manganese dioxide. 

This chemical action is, however, not quick enough 
to prevent rapid polarization when largo currents 
are taken from the cell. The cell slowly recovers ^, IU 

when allowed to stand for a while on open cir- Ledauchd cell 

cult. The K.M.F. of a Leclauelu'i coll is about 1.5 

volts, and Its initial internal resistance iij. somewhat less than an 
ohm. It therefore furnishes a momentary current of from one to 
three, amperes. 




Fin. 2(10. Tho Weston 
normal cell 
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Tlio immense advantage! of this type of roll lira in the fad. that, Urn 
zim*. is not at, all eaten by the ammonium eldoride when the rheuit, is 
open, and that therefore, unlike tin* Ihiniell roll, it. run hr lrft. for an 
indeiinite. time, on open eireuit without deterioration. Leelunehrt cells 
aro list'd almost, exelusively wln*re momentary currents only are. needed, 
as, for example, on doorbell circuits. The cell requires no attention for 
years at a time, other than the occasional addition of water to replant 
loss by evaporation, and the occasional addition ot ammonium chloride 
(NIl.,(’l) to keep positive Nil., and negative Cl ions in the solution. 

333. The dry cell. The dry cell is tody a modified form of the 
Leelane.hrt cell. It is not really dry, since the zinc and carbon plates are 
embedded in moist paste which consists usually of one part, of crystals of 
ammonium chloride, three parts of plaster of Paris, one part, of zinc oxide, 
one part of zinc chloride, and two parts of water. The plaster of Paris is 
used to give the paste rigidity. As in the, Leehuiehe eell.it is the action 
of the, ammonium chloride upon the zinc which produces the current. 

334. Combinations of cells. There are two ways in whieli 

cells may be combined : lira!., in xrrirx ; and second, in paraUvl. 
When they aro connected in series (.lie zinc of one cell is joined 
to the, copper of the second, the zinc of the 
second to the copper of the third, etc., the 
copper of the It nut and the zinc, of the last 
being joined to the ends of the external re¬ 
sistance (see, Tig. 271). The E.M.F. of such <t*11h emi» 

a combination is the sum of the E.M.F.’s of nu,(tl in 

the single cells. The internal resistance of the combination is 
also the sum of the internal resistances of Urn single cells, 
lienee, if the external resistances are very small, the current 
furnished by the combination will be no larger than that 
furnished by a single cell, since llm total resistance of the. eir¬ 
euit has been increased in the same ratio as the total E.M.F, 
But if the external resistance is large, (he current produced 
by the combination will he very much greater than that pro¬ 
duced by a single cell. Just how much greater can always he 
determined by applying Ohm’s law, for if there are n cells hi 
series, and E is the E.M.F. of each cell, the total E.M.F, 
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of tl 10 circuit is nIC. 11 once, if A, is the external resistance and 
27,■ the internal resistance of a single cell, then Olnn’s law gives 
via 

h',, v ’i\\ 

If the. h cells are connected in parallel, 
that is, if all the coppers are connected 
together and all the zincs, as in Fig. 278, 
the F.M.F. of the, combination is only the 
F.M.F. of a single, coll, while the. internal 
resistance is \/n of that of a single cell, 
since connecting the cells in this way is 
simply equivalent to multi¬ 
plying the area of the plates 
n times. The current fur¬ 
nished by such a e.ombiua- 


+ ertv armn- 




Km. 272. Wat, cm- anal¬ 
ogy nf cells in Hc.rica 


tion will be given by the formula 
M 


/,v-b 


■.—f 


If, therefore, is negligibly small, as in the case of a heavy 
copper wins the current (lowing through it will be n times as 
great as that which could bo made 
to (low through it by a single cell. 

Figs. 272 and 274 show by means of 
the water analogy why the. F.M.F. of 
cells in series is the sum of the several 
F.M.F.’s and why tint F.M.F. of cells 
in parallel is no greater than that of a 
single cell. 'These considerations show 
that the rules which should govern the 
combination of cells are ns billows: Oonui'et, in, xcricx when, li n 
in in cmnpitnxon with At connect in pnra/lcl when, Ii i ix 

larye in compnrixan with It e . 



m m LrJ 

Km. 274. Wal.cv analogy 
of c.cIIh in parallel 
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QUESTIONS AND PROBLEMS 

1. A Dnniell (-.('ll is found to send a current. of ampere through an 
ammeter of negligible resistance. What is its internal resistance? 

2. Why is a Li'chinchf 1 tit'll better than a l>anirH coll for ringing 
doorbells V 

3. If flic, infernal resistance of a Dnniell cell of the gravity type is 
4 olnns, and its F.M.F. 1.0S volis, how much current will Id cells in 
series send through a telegraph line having a resistance of o00 ohms? 
What onmmb will one such cell semi through the same circuit. Y What 
current will 40 cells joined in parallel send through the same circuit? 

4. "What current will the 40 cells in parallel scud through an am¬ 
meter which has a resistance, of .1 ohm? What, current would the 
40 cells in series send through the .same ammeter? What, current would 
a single cell send through the same ammeter? 

5. (’an you prove from a consideration of Ohm’s law that when 
wires of different resistances are inserted in series in a circuit, the F.D.’h 
between the. ends of the various wires are proportional to the resistances 
of these wires? 

6. Under what conditions will a small cell give practically the same 
current as a large one of the same type? 

7. Why must a galvanometer which is to he used for measuring 
voltages have a high resistance. ? 

8. Why is it. desirable, that, a galvanometer which is to he used for 
measuring currents have as small a resistance as possible? 

9. A no-voll. lamp, resistance 110ohms, and a lit) volt lump, re¬ 
sistance 220 ohms, are connected in parallel. Wind, is their joint 
resistance? 

10. With the aid of Figs. 272 and 274 discuss the wafer analogies 
of the rules on the bottom of page 2(!f>. 
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CHEMICAL, MAGNETIC, AND HEATING EFFECTS OF THE 
ELECTRIC CURRENT 

('ll KM H! A I j El<’EMITS *, EuKOTIK >LYSIH * 


335. Electrolysis. Lei, two platinum electrodes be. (lipped into a 
solution of dilute sulphuric aeid, and let the. terminals of a battery 
producing an H.M.F. of 10 volts or more be. applied to these clce/rodcs. 
Oxygen gas is found to be given off at the electrode at which the cur¬ 
rent (niters the solution, called tin* anode, while hydrogen is given off 
at the electrode at which the current leaves the .solution, called the 


cathode. These gases may be, collected in test 
tubes in the manner shown in Fig. 275. 

The modem theory of this phenom¬ 
enon is as follows: Sulphuric aeid 
(II tJ S(),j), when it dissolves in water, 
breaks up into positively charged hy¬ 
drogen ions and negatively charged 
SO ions. As soon as an electrical field 


O H 



Fm, 275. 'I’lie electrolysis 
of water 


is established in the solution by connecting the electrodes to 


the positive and negative terminals of a battery, the hydrogen 
ions begin lo migrate toward the eathede, and there, after 


giving up their charges, unite to form molecules of hydrogen 


gas. On the other hand, the negative S() 4 ions migrate to the 


positive electrode (that is, the anode), whe.ro they give up 
their charges to it, and then act upon the water (II a O), thus 
forming II s S() 4 and liberating oxygen. 


* This subject, should ho accompanied or followed by a laboratory experiment 
on electrolysis and the principle of the storage battery. Hoe, for example, Experi¬ 
ment IU5 of the authors’ manual 


207 
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If the volumes of hydrogen and of oxygen are measured, 
the hydrogen is found to occupy in every case just twice the 
volume occupied by this oxygen. 'This is, indeed, one.of the 
reasons for believing that water consists of two atoms of 
hydrogen, and one of oxygen. 

336. Electroplating. If the solution, instead of being sul¬ 
phuric acid, had been one of copper sulphate (CuSO^), the 
results would have been precisely the same in every respect, 
except that, since the hydrogen ions in tin 1 solution art* now 
replaced by copper ions, the substance deposited on tin' cathode 
is pure copper instead of hydrogen. This is the principle 
involved in eleetropbiting of all kinds. In commercial work 
the positive plate, that is, the 
plate at which the current mi¬ 
ters the bath, is always made 
from the same metal as that 
which is to he deposited from 
the solution, for in this ease the 
SO or other negative ions dissolve this plate us fast, as the metal 
ions are deposited upon the other. The strength of (he solution, 
therefore, remains unchanged. In effect, the metal is simply 
taken from one plate and deposited on lhi' other. Fig. 276 rep¬ 
resents a silver-plating bath. The bars joined to the anode A 
are of pure silver. The spoons to he plated are, connected to 
the cathode K. The solution consists of f>00 grams of potassium 
cyanide and 250 grams of silver cyanide in 10 liters of water. 

337. Electrotyping. In the process of eleetrotyping the page 
is first set up in the form of common type* A mold is then 
taken in wax or gutta-percha. This mold is then coaled with 
powdered graphite to render it a conductor, after which it is 
ready to be suspended as the cathode in a copper-plating hath 
the anode being a plate of pure copper and the liquid a solu¬ 
tion of copper sulphate. When a sheet of copper as thick as 
a visiting card has been deposited on the mold, the latter ia 
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removed and the wax. replaced by a type-metal backing, to 
give rigidity to the copper Alins. From sneli a plate as many 
as a hundred thousand impressions may bo made. Practically 
all books which run through large editions are printed from 
such electrotypes. 

338. Refining of metals. If tlm solution consists of pure copper sul¬ 
phate, it is not necessary that the anode, he of chemically pure copper 
in order to obtain a pure (‘.upper deposit on the cathode. Electrolytic 
copper, which is the purest copper ou the market, is obtained as follows : 
The unrefined copper is used as an anode. As it; is eaten up the impuri¬ 
ties contained in it fall as a residue 1 , to the bottom of the tank and pure 
copper is deposited on the cathode, by the current. This method is also 
extensively used in the refining of metals other than copper. 

339. Legal units of current and quantity. In 1834 Faraday 
found that a given current, of electricity flowing for a given 
time always deposits the same amount of a given element from 
a solution, whatever he I,he nature of the solution which con¬ 
tains the element. For example, one ampere always deposits 
in an hour '1.025 grams of silver, whether the electrolyte is 
silver nitrate, silver cyanide 1 ,, or any other silver compound. 
Similarly, an ampere will deposit in ail hour 1.181 grams of 
eopper, 1.203 grams of zine, etc.. Faraday further found that 
the amount of metal deposited in a given eell depended solely 
oil the product of the current strength by the time; that is, on 
the quantity of electricity which had passed through the eell. 
These fads are made the basis of the legal definitions of current 
and quantity, thus: 

The writ of quantity, called the coulomb , in the quantity of 
electricity required to depon'd .00111 % gram of nilver. 

The unit of current , the ampere , in the current which will 
depomt .001118 yram of nilver in one necond. 

340. Storage batteries. Let, two (i by a inch lead plates lm screwed 
to a half-inch strip of some insulating material, as in Fig. 277, and 
immersed in a solution consisting of one part of sulphuric acid to 
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ten parts of water. Let a current from two storage or three dry cells in 
series, C, bo sent through this arrangement, an ammeter „i or any low* 
resistance galvanometer being inserted in the circuit. As the current 
flows, hydrogen bubbles will bo seen to rise from the cathode (tin* plate 
at which the current leaves the solution), while the positive plate, or 
anode, will begin to turn dark brown. At the same time the rending of 
tho ammeter will bo found to decrease rapidly. The brown coating is a 
compound of load and oxygen, called lead 
peroxide (Pb() a ), which is formed hy the f T^x 

action upon the plate of the oxygen which (fit) 

is liberated precisely as in Mm experiment L ihl 1 r 
on the electrolysis of water ddfi). Let. (j 

now the butteries be removed from the 
circuit hy opening the key A',, and lei an m 77> T)| „ j,, inrijdt* of 

electric bell 11 be. inserted in their place the storage battery 

by closing the key K r Tho bell will ring 

and the ammeter ,i will indicate a current Mowing in a direction nppo. 
site to that of the original current. 'Phis current will decrease rapidly 
as tlm energy which ‘was stored in the Cell hy the original current is 
expended in ringing the hell. 

Tills experiment illustrates the principle of (ho Htnruyr but¬ 
tery. Properly speaking, there has been no storage of rivet riei'ty, 
but only a storage of ahem teal cnrryt/. 

Two similar lead plates have been changed by l he action of 
the current into two dissimilar plates, one of lead and one of 
lead peroxide. In other words, an ordinary galvanic cell has 
been formed;’for any two dissimilar metals in an electrolyte 
constitute a primary galvanic cell. In this case tho lead per¬ 
oxide plato corresponds to the copper of an ordinary cell, and 
the lead plate to the zinc.. This cell tends to create a current 
opposite in direction to that of the charging current; that is, 
its E.M.IA. pushes hack against the IC.M.F. of tho charging 
cells. It was for this reason that the ammeter reading fell 
When tho charging current is removed this cell acts exactly 
like & primary galvanic coll and furnishes a current until the 
thin coating of peroxide is used up. The only important differ¬ 
ence between a commercial storage coll (Fig. 27H) and the 

f 



— 










ing such as we used. This material is 
pressed into interstices in the plates, 
as shown in Fig. 278. The E.M.F. of 
the storage cell is about 2 volts. Since 
the plates are always very close to¬ 
gether and- may be given any desired 
size, the internal resistance is usually 
small, so that the currents furnished 
may be very large. 

The usual efficiency of the storage 
cell is about 75 %; that is, only about three fourths as much 
electrical energy can be obtained from it as is put into it. 



Fig. 278. Lead-plate 
storage cell 


QUESTIONS AND PROBLEMS 

1. The coulomb (§ 839) is 3 billion times as large as the electrostatic 
unit of quantity defined in § 285. How many electrons pass per second 
past a given point on a lamp filament which is carrying 1 ampere of 
current (see § 290) ? 

2 . If the terminals of a battery are immersed in a glass of acidulated 
water, how can you tell from the rate of evolution of the gases at the 
two electrodes which is positive and which negative? 

3. How long will it take a current of 1 ampere to deposit 1 g. of 
silver from a solution of silver nitrate? 

4 . If the same current used in Problem 3 were led through a solution 
containing a zinc salt, how much zinc would be deposited in the same time ? 

5 . In calibrating an ammeter, the current which produces a certain 
deflection is found to deposit ^ g. of silver in 50 min. What is the 
strength of the current? 

6. Why is it possible to get a much larger current from a storage 
cell than from a Daniel! cell ? 

7 . A certain storage cell having an E.M.F. of 2 volts is found to fur¬ 
nish a current of ’20 amperes through an ammeter whose resistance is 
.05 ohm. Find the internal resistance of the cell. 
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Magnetic Properties of Coils 

341. Loop of wire carrying a current equivalent to a magnet 
disk. Let a single loop of wire be suspended from a thread in the 
manner shown in Fig. 279, so that its ends dip into two mercury cups. 
Then let the current from three or four dry cells be 
sent through the loop. The latter will be found to 
slowly set itself so that the face of the loop from 
which the magnetic lines emerge, as given by the 
right-hand rule (see § 312 and also Fig. 280), is to- / 
ward the north. Let a bar magnet be brought near f| j 

the loop. The latter will be found to behave toward '1 J 

the magnet in all respects as though it were a flat 
magnetic disk whose boundary is the wire, the face f) [ 

which turns toward the ’V^- ■??- 

north being an N pole 
jfr ( £ fjJ J . and the other an S pole. 


Fiu. 279. A loop 

yll/ dll, _Jjf|y — > The experiment equivalent to a Hal, 

xjjj shows what position magnetic dl ‘ sk 

) a 1°°P hearing a current will always 
| || tend to assume in a magnetic field. 

Flo. 280. Nmth pole of disk For sin ce a magnet 
is face from which magnetic always tends to set J J 

lines emerge; south face is itsel f s0 that t he 
face into which they enter ... ,. . II 

line connecting its U 

poles is parallel to the direction of the mag- ' / \ r * 

netic lines of the field in which it is placed, * 

a loop must set itself so that a line con- v * 

necting its magnetic poles is parallel to the 

lines of the magnetic field, that is, so that 

the plane of the loop is perpendicular to the pi G . 281. Position 

field (see Fig. 281) ; or, to state the same assumed by a loop 

thing in slightly different form, if a loop of carryh,g a cun ; e ! lt 

wire, free to turn , is carrying a current m a 

magnetic field , the loop ivill set itself so as to include as many 

as possible of the lines of force of the field. 
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342. Helix carrying a current equivalent to a bar magnet. 

Loll h win 1 bearing a t'.itnviil lie wonml in the form of a helix and held 
near a suspended magnet, as in Fig. 2S2. H, will be found lo act in every 
reaperl. like, a magnet, with an N pole, at 
one end and an S pole, at the. other 




,>S 



.(ill ^ 


282. Magnet,ie effect of a 
helix 




This result might, have, been pre¬ 
dicted from the fact that a single 
loop is equivalent to a Hat-disk 
magnet. For when a series of sue 
disks is placed side by side, its in the 
helix, the result must be the same as placing a series of disk 
magnets in a row, the ,N pole of one being directly in contact 
with the S pole of the next, etc. These poles would therefore 
all neutralize each other exeo.pl 
at the two ends. We therefore 
get ft magnetic', held of the shape 
shown in Kig. 2H3, the direelion of 
the arrows representing as usual 
the direelion in which an N pole 
tends lo move. 

The right-hand rule as given 
in § 312 is sufficient in every ease to determine which is the N 
and which the *V pole of a helix; that is, from which end the 
lines of magnetic force emerge from the helix and at which 
('ml they enter it. But it is found con¬ 
venient, in the consideration of coils, 
to restate the right-hand rule in a 
slightly different way, thus: If the coil 
in grouped in the right hand in nuch a 
unit/ that the finger* point in the direc¬ 
tion in which the current, u flowing in 
the wire*, the thumb will point, in the direction of the north pole 
of the helix (sue Fig. 284). Similarly, if the sign of the polos 
is known, but the direction of the current unknown, it may 



Magnetic field of helix 



Kulo for poloR of 
helix 
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bo determined aw follows: I/'(hr rb/ht hand ix placnl atjaind 
the coil with i hr- thumb poindnj/ in (hr direction *>/ (hr Hunt <f 
force (that is, toward the. north polo 
(d the heli>0, (hr jint/crx will pax* 
around (hr coil -in the direction in 
which the curroit ix Jhncinif. 

343. The electromagnet. l^Lanw 

of Noft iron ho. imsorfed in l ho helix 
(Fig. 2Hfi). Tlu> puleB will he. found to he 
cmnrnmuHly Kfnmger (him before. Thin 
if) becauKO thn corn is magnetized by induction from the held of the 
helix in precisely the same way in which if would he magnetized by 
induction if placed in the Held of a perma¬ 
nent magnet. The new field strength about, 
the coil i,s now the Hum of the fields due 
to the core and that dun to the coil. If the 
■ current is broken, the core will at once 
lone the greater part of iU magnetism. If 
the current is revnrHcd, the polarity of the 
core will bo reversed. Such a coil with a 
soft-iron core is called an eltvironmtjnd . 

The strength of an electromagnet 
can bo very greatly increased by giving it such form that 
the magnetic lines can remain in iron throughout. I heir entire 
length instead of emerging into air, as they ^ ^ ^ ^ 
do in Fig. 285. For this reason electro- 
magnets are usually built in the horseshoe S • 8 m-i'm, 
form and provided with an armature A B ; I jj 
(Fig. 280), through which a complete iron 
path for the lines of force in established, as L, 
shown in Fig. 287. The strength of siu'h a Vtu. 2H7. Mngmalc 
magnet depends chiefly upon the number 
ot ampere tumx which encircle it, the exproH- 
sion "ampere turns ” denoting the product of tlm number of 
turns of wire about the magnet by the number of amfieniH 



Fm, list!. The hurnejilnm 
elect rmiMguet. 



Ft<.. 2H<‘i. The lull' electro- 
magnet 
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Fxti. 288. Construction of a com¬ 
mercial ammeter 


flowing in each turn. Tims a current of -L- ampere flowing 
1000 times around a curt 1 , will make an electromagnet of 
precisely the same, strength as 
a current, of I ampere (lowing 
10 times about the core. 

344. Commercial ammeters 
and voltmeters. Fig. 288 shows 
the construction of the usual 
form of commercial ammeter. 

The eoil a is pivoted on jewel 
bearings and is held at its zero 
position by a spiral spring y;. 

Wlurn a envrent flows through 
the instrument, were it not for 
the spring p the eoil would turn 
through about 120°, or until its 
n pule e.ame opposite the >S y pole 
of the magnet (see Fig. 281). This zero position of the coil is 
chosen because it enables the Neale divisions to be nearly equal. 
The shunt noils r are of practically negligible resistance. 

The voltmeter differs from tins am¬ 
meter only in that the coils r are in 
series with c and are of high resistance. 

The, same inst.runic.nt may have its range 
changed or may even he used inter¬ 
changeably as an ammeter or a volt¬ 
meter by suitably changing the coils r. 

345. The electric bell. Tho electric boll 
(Fig. liHD) ih mm of the simplest applications 
of the electromagnet. When the button P 
(Figs. 2Hi) ami *21)0) is pressed, tho electric 
circuit of the battery is closed, and a current flows in at A, through, the 
coils of the magnet, over tho closed contact C, and out again at Ti. But 
no sooner is this current established than tho electromagnet E pulls 
over the armature a, and in so doing breaks the contact at C. This stops 



boll 









the current and demagnetizes the magnet E. The armature is then 
thrown back against C by the elasticity of the spring s which supports 
it. No sooner is the contact made at C than the current again begins to 
flow and the former operation is repeated. p 

Thus the circuit is automatically made and 
broken at C , and the hammer H is in conse¬ 
quence set into rapid vibration against the 

■ rim of the belL Fm. 290. Cross section of 

346. The telegraph. The electric telegraph lhe eleotric push buttou 
is another simple application of the electro¬ 
magnet. The principle is illustrated in Fig. 291. As soon as the key K 
at Chicago, for example, is closed, the current flows over the line to, 
we will say, New York. There it passes through the electromagnet m, 
and thence back to Chicago through the earth. The ai;maturo b is held 
down by the electromagnet m as long as the key K is kept closed. As 
soon as the circuit is broken at K the armature is pulled up by the 
spring d. By means of a clockwork device the tape c is drawn along at 
a uniform rate beneath the pencil or pen carried by the armature b. A 
very short time of closing of IC produces a dot upon the tape, a longer 
time a dash. As the Morse, or telegraphic, alphabet consists of certain 
combinations of dots and dashes, any desired message may be sent from 
Chicago and recorded in New York. In modern practice the message is 



Chicago 



Newark 



not ordinarily recorded on a tape, for operators have learned to read mes- 
sages by ear, a very short interval between two clicks being interpreted 
as a dot, a longer interval as a dash. 

The first commercial telegraph line was built by g. F. B. Morse 
between Baltimore and Washington. It was opened on May 24, 1844, 
with the now famous message, " What hath God wrought I ” 

347. The relay and sounder. On account of the great resistance of 
long lines, the current which passes through the electromagnet is so 
weak that the armature of this magnet must be made very light in 
order to respond to the action of the current. The clicks of such an 
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armature are not; sufficiently loud to bo read easily by an operator, 
lienee at each station there is introdueed a looal circuit, which contains 
a local battery, and a second and heavier electromagnet, which is called 
a sounder. The eleetro- 

Armaturc ContactPoints 


magnet i 


EtectroMagnet 


tyring 

Adjusting Screw 



Put. 29:2. Tim relay 


i the main line 
is then called tin', relay 
(see Pigs. 2912, 12911, and 
129'!). The. sounder litis 
a very heavy armature. 

(.•t, Pig. 12911), which is 
so arranged that it elicits 
both whim it is drawn 
down by its electromag¬ 
net against the stop S 
and when it is pushed up again by its spring, on breaking the current, 
against tin' slop (. The interval which elapses between these, two clicks 
indicates to the operator whether a dot or dash 
is sent. The current in the main line simply 
serves to dose and open the circuit in the 
local battery which operates the sounder (see 
Pig. 294). The electromagnets of the. relay 
and the sounder differ in that tlm former 
consists of many thousand turns of line wire, 
usually having a resistance of about 150 ohms, 2 98. The sounder 

while the latter consists of a few hundred 

turns of coarse wire having ordinarily a resistance of about 4 ohms. 

348. Plan of a telegraphic system. The actual arrangement of the 
various parts of a tele¬ 
graphic system is shown 
in Pig. 294. When an op¬ 
erator at Chicago wishes 
l,o send a message to 
New York, lie first opens 
the switch which is eon- 
neeted to his key, and 
which is always kept 
closed except when ho 
is sending a message. 

lie then begins to operate his key, thus controlling the clicks of both 
his own sounder and that at New York. When the Chicago Hwitoh is 
closed and the one at New York open, the Now York operator is able to 



Sounder 


Sounder 


Newark 



Earth Earth. 

Pm. 294. Telegraphic system 
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Bond a message Rack over the Hamo lint*. In practice a message is not 
ufmally sent aa far as from Chicago to New York over u single line, 
save in the caso of transoceanic, entiles. Instead it. is automatically 
transferred at., say, Cleveland to a second line, which carries if on to 
Buffalo, whore if is again transferred to a third line, which carries 
if on to New York. Thu transfer is made in precisely the same way 
as the. transfer from the main circuit to the sounder circuit. If, for 
example, tho sounder circuit at Cleveland is lengthened ho as to extend 
to Buffalo, and if tho. sounder itself is replaced hy a relay (railed in 
this ease a repeater), and the local Battery hy a line Battery, then the 
sounder circuit lias Been transformed into a r»*j water circuit and all the 
conditions arc met for an automatic transfer of the message at Cleveland. 

QUESTIONS AND PROBLEMS 

1. Why are iron win's used on telegraph lines Imt. copper wires on 
trolley systems? 

2. The plane' of a suspended loop of win* is east and west. A cur¬ 
rent is sent through if, passing from east to west on the upper side. 
What will happen to flu' loop if it is jwrfertly free to turn V 

3. When a strong current is sent through a mtHjH'mled-coil galva- 
uomotor, what position will the coil assume V 

4. If one looks down on the ends of a U-shajw'd electromagnet, dot's 
the current encircle the two coils in tin* same or in apposite directions? 
Does it rim clockwise or counterclockwise about the A" pole? 

5. Draw a diagram, showing how an electric hell works. 

6. Draw a diagram, showing how the relay and sounder operate in 
/ a telegraphic circuit. 

7. Ordinary No. 0 telegraph wire has a resistance of ‘id (duns to 
\/ tho mile. What current will 100 Daniel! cells, each of K.M.F. of 1 volt., 

send through 100 miles of such wire, if the relays have a resistance of 
150 ohms each and the cells an internal resistance, of 4 ohms each ? 

8 . If the relays of the preceding problem had each 10,000 turns of 
/ wire in their coils, how many ampere turns were effective in magnetizing 

their electromagnets ? 

9. If on the above telegraph line sounders having a resistance of 
3 ohms each and 500 turns were to he put in the place of the relays, 
how many ampere turns would Be effective in magnetizing their cores? 
Why, then, must a relay Be a high-resistance electromagnet? 

10. If the earth’s magnetism is due to a surface charge rotating with 
the earth, must this charge be positive or negative to produce the sort 
of magnetic poles which the earth has? (This is actually the present 
theory of the earth’s magnetism.) 
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Heating Effects of the Electric Current 

349. Heat developed in a wire by an electric current. Let the 

terminals of two or three dry cells in series bo touched to a piece of No. 40 
iron or German-silver wire and the length of wire between these termi¬ 
nals .shortened to ^ inch or less. The wire will be heated to inoaudes- 
eence and probably melted. 

The experiment shows that just as in the charging ol ; a stor¬ 
age. battery the energy of the electric current was transformed 
into the. energy of chemical separation, so here in the passage 
of the current through the wire the energy of the electric 
current is transformed into heat energy. 

350. Energy relations of the electric current. In Chapter 
IX wo' found that energy expended on a water turbine is equal 
to the quantity of wafer passing through it times the differ¬ 
ence in level through which the water falls. In just the. same 
way it is found that when a current of electricity passes 
through a conductor, the energy expended is equal to the 
quantify of electricity passing times the difference in* potential 
between the ends of flic conductor. If the quantity of elee- 
frieifY is expressed in coulombs and the TM). in volts, the 
energy is given in joules, and we, have 

Volts X coulombs — joules. (1 ) 

Since the number of coulombs is equal to the number of 
amperes of current, multiplied by the number of seconds, 

Volfs X amperes x seconds ~ joules. (2) 

But a watt is defined us a joule per second (see § 192 ). I lenc.e 
the energy expended per set'.on d by the current, that is, the 
•pvwer of the current, is given by 

V olts X amperes = wafts. ( 3) 

351. Calories of heat developed in a wire. The electrical 
energy expended when a current Hows between points of given 
P. D. may be spent in a variety oi ways. For example, it may 










280 EFFECTS OF THE ELECTRIC CURRENT 


be spent in producing chemical separation, as in tlie charging 
of a storage cell; it may be spent in doing mechanical work, 
as is the case when the current flows through an electric motor; 
or it may be spent wholly in heating the wire, as was the case 
in the experiment of § 349. It will always be expended in 
this last way when no chemical or mechanical changes are 
produced by it. The number of calories of heat produced per 
second in the wire of the last experiment is found, then, by 
multiplying the number of joules expended by the current per 
second by the heat equivalent of the joule in calories, that is, 
.24 calorie, since, by § 173 and § 213, 1 calorie is 4.2 joules. 
Therefore when all of the electrical energy of a current is 
transformed into heat energy, we have 

•Calories per second = volts x amperes x .24. (4) 

The total number of calories II developed in t seconds will 
begiyenby ir = P.D. x 0 X t x .24. (5) 

Thus a current of 10 amperes flowing hi a wire whose ter¬ 
minals are at a potential difference of 12 volts will develop 
in 5 minutes 10 x 12 x 300 x .24 = 8640 calories. 

Since by Ohm’s law P.D. = C X i£, we have, by substitut¬ 
ing CR for P.D. in (5), 

II=C~Rxt x .24; (6) 

or the heat generated in a conductor is propprtional to the time , 
to the resistance , and to the square of the current. This is known 
as Joule’s law, having been first announced by him as the 
result of experimental researches. 

352. Incandescent lamps. The ordinary incandescent lamp 
consists of a carbon filament heated to incandescence by an 
electric current (Fig. 295). Since the carbon would burn in¬ 
stantly in air, the filament is placed in a highly exhausted glass 
bulb. Even then it disintegrates slowly. The normal life of a 
16-candle-power lamp filament is from 1000 to 2000 working 
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hours. The filament is made by carbonizing a special form of 
cotton thread. The ends of the carbonized thread are attached 
to platinum wires which are sealed into the glass walk of the 
bulb, and which make contact one with the base of the socket 
and the other with its rim, these being the 
electrodes through which the current enters 
and loaves the lamp. 

The ordinary 1 G-eandle-powcr lamp is most 
commonly run on a circuit which maintains a 
potential difference of either 110 or 220 volts 
between the terminals of the lamp. In the Fm. 2flr>. Tim in- 
former oiwo 1.1 10 lamp wirrioa about .!> ampere lamp 

of current, and in the latter ease about .25 ampere. It will be 
seen from these figures that the rate of consumption of energy 
is about 8.4 watts per candle power. 

A customer usually pays for his light by tho ''watt hour,” 
a wait hour being the energy furnished in one hour by a 
current whose rate of expenditure of energy is one 'watt. 
Thus tho rate at which energy is consumed by a 10-candle- 
power lalnp is 110 X .5 « 55 watts. One such lamp run¬ 
ning for fen hours would therefore consume 550 watt hours 
of energy. Largo quantities of electricity are sold by the 
kilowatt, hour. 

At the present time tungsten and tantalum filaments are 
being used very largely for incandescent lamps. They are 
nearly three times as efficient as the carbon lamps, tho " Mazda ” 
form taking but 1.25 watts per candle. This is because they 
can be operated at much higher temperatures than carbons. 
They are, however, much more fragile and more expensive. 

353. The arc light. When two carbon rods aro placed end to end in 
the circuit of a powerful electric generator, the carbon about tho point 
of contact la heated red-hot. If, then, the ends of the carbon rods are 
separated one-fourth inch or ho, the current will still continue to Aow, 
for a conducting layer of incandescent vapor called an electric arc is 
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produced between the polos. The appenranee of the hit is shown in 
Fig. 200. • At the + polo a hollow, or orator, is formed in tho oarhon, 
while the — carbon iuv.omos coin' shaped, as in the r . 
figure. Tho carbons are consumed at the rat* 1 of 
about an inch au hour, the + carbon wasting away I 
about twice as fast as the — one. The light comes j 
chiefly from the 4* crater, where the temperature is 
about 8800° (!., the highest,'attainable by man. All I 
known substances arc", volatilized in the electric are. 

Tin 1 , ordinary arc requires a current of 10 amperes 
and a P.R. between its terminals of about, fit) volts. 

Such a lamp produces about fi()0* caudle power, 
and therefore eousumes energy at the rate of about, 

1 watt per candle power. 'This makes an are light 
about 3.r> times as efficient as an incandescent light. 

The recently invented Jlaminy tor, produced between 
carbons which have n composite core consisting of 

carbon, lime, magnesia, silica, or other light-giving 

. , ... . . . , l' tu.UUO. The arc 

minerals, sometimes reaches au efficiency as high l^l )( 

as .27 watt per caudle power. 

354, The arc-light automatic feed. Since the two carbons of the are 
gradually waste away, they would soon become so far separated that 
tho arc could no longer he maintained were H 

it not for an automatic feeding device which ” L—y 

keeps tho distance between .the carbon tips I j jr.j.y I 

very nearly constant. Fig.2fi7showHthc.cs- Li^»| jr; ' | ’ 
sential features of one form of this device. t \ | j; \ | /, j 

When no current is flowing through the A 1 * -w j -'V •* i 

lamp, gravity holds the carbon tips at e to- ^ |, t, j 

gather; hut as soon as tlviv current is thrown j Q * fijlw 

on, it energizes the low-resistance (dectro- J tjL «t (I 

magnet il/, which is in series with the car- 1 h 

bous. This draws down the iron plunger r, ,, . _ ,, ~r 

whie.li acts upon the lever L and ’* strikes the I( '' a ,IK 1 * vu t 

are ”at e. Hut the introduction of the resist¬ 
ance of the arc into the circuit ad HMt raises the P.I). between * and t and 
thus causes an appreciable current to flow through the high-resistance 
magnet iV, which is shunted across this circuit. This tends to rah? the 
plunger a and thus to shorten the arc. There is thus one part icular length 

•This is Use so-called " mean spherical " candle power. The candle power in 
the direction of maxim'um illumination is from 1000 to P2Q0. 


Fiu. 2fitl. fi'lse sire 
light. 


far sepumlod that 


Fits, 2l>7. Feeding dev 
for arc lamp 
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of arc for which equilibrium exists between the effects of the series magnet 
M and the shunt magnet N. This length the lamp automatically main¬ 
tains. 'Flu* magnet O is the.so-called "cut-out” inserted so that, if the lamp 
gets out of order and the arc burns out, a current at 
once Hows through N ami O of sufficient strength to 
dost* the contact points at r and Urns permit the, main 
current to (low on to the next lamp over the path PrRQ. 

355. The Cooper-Hewitt mercury lamp. The Coope.r- 
llewitt mercury lamp (Fig. Ill)S) is the most, efficient; 
of all electric lights, unless it be the llaming are. It 
differs from the are lamp in that the incandescent, body 
is a long column of mercury vapor instead of an incan¬ 
descent. solid. The lamp consists of an exhausted tube, 
three or four feet long, the positive electrode, at the. top 
consisting of a plate of iron, while the negative elec¬ 
trode at. the bottom is a small quantity of mercury. 

Fmlera sufficient difference of potential between these 
terminals a long mercury-vapor are. is formed which 
stretches from terminal to terminal in the tube. This 
arc emits a very brilliant light, but it is almost entirely 
wanting in red rays. The efficiency of the lamp is very 
high, since if requires but.!! watt per candle, power. It 
is rapidly liudiug important commercial uses, especially in photogra¬ 
phy. The chief objection to it arises from the* fact that, on account, 
of the absence of red mvs, flu* light, gives objects an unnatural color. 

QUESTIONS AND PROBLEMS 

1. Wluif horse power is required to run an incandescent, lump carry¬ 
ing .;> ampere at. lit) voltsV Mow much heat, to developed per second ? 

2. Fig. 2SHI shows the connections for a lamp L which can be 
fumed on or off at. two different 
points n or t>. Explain how it. 
works. 

3. A 220 volt lamp has a re 
stolunce, whim hot, of about. 7fd) 
ohms. How many calories will 
be develop'd in if in U) min. V 

4. If a storage cell has an F.M.F. of 2 volts, and furnishes a our- 
renl of f> amperes, what is its rate of expenditure of energy in watts? 

5. How many cells, working us in Problem 4, would be, equivalent to 
1 II.P.V (See §‘lSll, p. 147.) 


Qt 


-'h®—^ 
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CHAPTER XV 

INDUCED CURRENTS 

The Principle of the Dynamo and Motor 


356. Current induced by a magnet. Let 400 or 500 turns of 
No. 22 copper wire be wound into a coil C (Fig. 300) about two and a 
half inches in diameter. Let this coil be connected into circuit with a 
lecture-table galvanometer (Fig. 254), or even a simple detector made by 
suspending in a box, with 
No. 40 copper wire, a coil 
of 200 turns of No. 30 


copper wire (see Fig. 300). 

Let the coil C be thrust S 
suddenly over the N pole 
of a strong horseshoe mag¬ 
net. The deflection of the p IGi 300 . Induction of electric currents by. 
pointer p of the galva- magnets 

nometer will indicate a 

momentary current flowing through the coil. Let the coil be held sta¬ 
tionary over the magnet. The pointer will be found to come to rest in its 
natural position. Now let the coil be removed suddenly from the pole. 
The pointer will move in a direction opposite to that of its first deflec¬ 
tion, showing that a reverse current is now being generated in the coil. 



We learn, therefore, that a current of electricity may be 
induced in a conductor by causing the latter to move through a 
magnetic field , while a magnet has no such influence upon, a 
conductor which is at rest with respect to the field. This dis¬ 
covery, one of the most important in the history of science, 
was announced by the great Faraday in 1831. From it have 
sprung directly most of the modern industrial developments 
of electricity. 
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n Kn^lMi physicist and Hu'iulst ; one of I In* most gifted uf experimental 
a |ninr hhieksmlth; apprenticed at the mm or thirteen to a Loudon lion 
with whom in- worked nine years; applied fop a position lu Kip Humph 
lulmmlory at the Koyal Institution In IKI.'I; became director of tIds lui; 
ill dlsetiMM'ed eleel roiuayiielie induction in IH.'II; made tile III 

n; discovered in Ih;u the Iuwh of electrolysis, now known ns Karnday 
Hie farad, tlu* jinietienl null of electrical eapueity, is mimed in his lion 
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By experiments of thin sort. it- is found that an K.M.K. 


induced in aeoil only when the motion taken /dace in Hitch a teat) 

. 1 . 

.m 


ax to ehant/e the total manlier of niat/nette linen 
of force, whieh are indexed la/ the coil. Or, to 
state this rule in more general form, an 
hJ.M.F. ix induced in an// element of it con¬ 
ductor when , and onli/ when, that element in 
mo vim/ in xuch a mat/ ax to cut nnn/nctie latex 
of force. * 

It will lie notieed that the first, statement 
of the rule is included in the second, for 
whenever the. number of lines of force whieh 
pass through a coil changes, some lines of force must rut 
across the coil from tin* inside to the outside, or vice versa. 


Km. dug. K.M.K. 
Induced when a 
atmight. conductor 
cuts magnet ic linen 


359. The principle of the electric motor. 

Let a vertical wire uh be rigidly .attached to a 
horizontal wire i/h, and let the latter be supported 
by a ring or other metallic support, in the mutitief 
shown in Kig. d()d, so that tth is free to oscillate 
about t/h as an axis. Let the lower end of ah dip 
into a trough of mercury. When a magnet is held 
in the position shown and a current from a dry 
coll is sent down through the wire, the wire will 
instantly move in Urn direction indicated by the 
arrow f, namely, at right angles to the direction 
of the lines of magnetic, force. Ltd. the direction 
of the current in the wire he reversed. The dim* 
tion of the force noting on the win* will he found 
to be reversed also. 

We learn, therefore, that, a wire earri/imj 
a currrnt in a mu (/nr tic field tenth to more in 


rh 



Km. .’Kid. The piin 
cipit* tif the electric 
motor 


*If a strong electromagnet, is available, lliese experiments arc m«r<* imdntetlve 
U performed, not with a coil, as hi Fig. IUH, lmt witli a straight rod lKlg. ;U«) 
to the end h of whbdi are attached wires leadliig to a galvanometer. When¬ 
ever the rod moves parallel to the Hues of magnetic force there will he uo 
deflection, but whenever It moves across the linen the galvanometer needle will 
move at once. 
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a direction at riyht an (/tea both to the direction of the field cmd 
the direction, of the current. This fact underlies the operation 
of all electric, motors. 

360. The motor and dynamo rules. A convenient rule for 
determining whether the wire ah ( Fig. 303) will move forward 
or bade in a, given ea.se, may he, obtained as follows: If the 
field of a magnet alone is represented by Fig. 304, and that 
due to the current* alone by Fig. 305, then the resultant field 



Fm. ilO>l. Field of 
magnet, alone. 



Km. .‘105. Field of Fni. 80(1. Field of magnet 
e.ttmiiil, alone and current 


when the current-bearing wire is placed between the poles of 
the magnet is that shown in Fig. 300 ; for the strength of the 
Held above, the wire is now the sum' of the two separate holds, 
while, the. strength below if is their difference. Now Faraday 
thought, of the. lines of force as acting like stretched rubber 
bands. This would mean that the wire in Fig. 30(5 would be 
pushed down. Whether the lines of force are so conceived or 
not, the motor rule may be stated thus: 

.4 current in a maynefir field tend* to move away from the side 
on which its linen are added, to those of the field. 

The dynamo rule follows at once from the motor rnle and 
bonx's law. 'finis when a wire is moved through a magnetic 
fiedtl the current indueed in it muHt.be in such a direction, as 

* The mma In Hip I’onduetor of Fig. ;«W, representing the tail of a retreating 
arrow, In to indicate that tlm current flows away from the reader. A dot, represent¬ 
ing the head of an ad vanning arrow, indicates a current flowing toward the reader. 
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to oppose the motion ; therefore the induced current will he. in 
sunk a directum ax to inereaxe the number of Unrx on the mle. 
toward which it ix ■moeint/.* 

361. Strength of the induced E.M.F. The strength of an 
induced E.M.F. is found to depend simply upon the number of 
linen of force cut per xccond hy the euuduefnr, or, in the ease 
of a coil, upon the rate of chani/c in the number of lines of 
foreo which pass through the coil. The strength of the current 
which flows is then given by Ohm’s law ; that is, it is equal to 
tho,induced E.M.F. divided hy the resistance of the circuit. 
The number of lines of force which the conductor cuts per 
second may always he determined if we know the velocity of 
tho conductor and the strength of (In', magnetic field through 
which it moves. For it will bo remembered that, according to 
the convention of § 275, a field of unit, strength is said to con¬ 
tain one line of force per square centimeter, a field of 1000 
units strength 1000 lines per square centimeter, etc. In a 
conductor which is cutting linos at the rate of i00,000,000 
per second there is an induced E.M.F. of l volt.t The reason 
that we used a coil of f)00 turns instead of a single turn in the 
experiment of § 85(1 was that, hy thus making the conductor 
in which tho current was to be induced cut the lines of force 
of tho magnet 500 times instead of once, we obtained 500 
times as strong an induced E.M.F., and therefore 500 times 
as strong a current for a given resistance in the circuit, 

362. Currents induced in rotating coils. Let a turn or non turn 
coil of No. 28 copper wire he made small enough to rotate between the 
poles of a horseshoe magnet, amt let it be connected into the cireuit of 
a galvanometer, precisely as in § 3f>U. Starting with the coil in the jmjhI- 
tion of Fig. 307, (1), let it be rotated suddenly clockwise (looking down 

•This may bo thrown Into a ounvonlent rule of thumb m follows: “ tlrattp the 
conductor with the right hand , the finger* extending in the direction of the tinea 
<\f force to he cut; the thumb will indicate the. direction tf the Induced eurrent." 

t This may ho considered as the. talent ifle dejlnltion of the vt>lt, couyetiltmce alone 
having dictated tho legal definition given in § U3l. 












PRINCIPLE OR THE DYNAMO AND MOTOR ' 289 


from above) through ISO 11 . A strong deflection of the galvanometer will 
lie observed. Lei, it be rotated through the. next ISO 0 back to the starting 
point. An opposite deflection will be. observed. 

The; arrangement is a dynamo iu miniature. During the first 
half ol* the revolution [see hig. 1507, (2)] the wires oil the right 
side <>l* the loop were nutting the .lines of foree in one diree- 
tion, while the wires on the left side were nutting them in the 
opposite direction. A current was 
being generated down on the right 
side, of the e.oil and up on the left 
side (see dynamo rule). It will lie 
seen that both currents How around 
the e.oil in the same direction. The 
induced current is strongest when 
the e.oil is in the position shown in 
Kig. 807, (2), because there the lines 
of force- are. being cut most rapidly. 

Just as the coil is moving info or 
out of the position shown in Kig. 207, (1), it is moving parallel 
to the Hues of force., and hence no current is induced, since no 
lines of force, are. being cut. As the coil moves through the 
last 1HIJ" of its revolution both side.s are cutting the same lines 
of force as before, but they are cutting them in an opposite 
direction ; lumen the current generated during this last half is 
opposite in direction to that of the first half. 11 * 

QUESTIONS AND PROBLEMS 

1. Under what conditions may an electric! current bo produced, by a 
magnet? 

2. A current is flowing from top to bottom in a vortical wire. In 
what direction will the wire tend to move on account of the earth’s 
magnetic Add? 

3. State Lends law, and show how it follows from the principle of llm 
conservation of energy. 

* A laboratory experiment mi the principles of induction should bo performed 
at about tills point. Hoc, for example, Experiment dC of the authors’ manual. 
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4. If llif> coil of a sensitive galvanometer is set to swinging while, 
the. circuit through the coil is open, it-will continue to swing for a long 
time.; hut. if the coil is short-circuited, it. will coiue to rent after a very 
few oscillations. Why? (The experiment• may easily he tried. Hemem- 
he.r that, currents are induced in the moving coil. Apply heu/.'s law.} 

5. A coil is thrust, over the S pole of a magnet. U the direction of 
the induced current eloekwise or counterclockwise as you look down 
upon the polo V 

6. A ship having an iron mast is sailing cast. In wlmt direction is 
Urn H.M.K. induced in the mast, by the earth's magnetic held? If a wire 
is brought from the top of the mast, to its bottom, u<< current will How 
through the circuit.. Why? 

7. When a wire ia cutting lines of force at the rate of lun.ouu.uuo 
per accMuul, there is induced in it an K.M.I 1 . ot one \olt- A certain 
dynamo armature has 50 coils of o loops each and makes HUH revolutions 
per minute. Kacli wire, cuts 2,Ut)(),(K)0 lines of force twice in a revolution. 
What ia tlm I0.M.F. developed? 

8. If a coil of wire ia rotated about, a vertical axis in the earth's 
field, an alternating current ia set up in it. In what position is the coil 
wlmu the currunt changes direction ? 

/ 

* Dynamuh 

363. A simple alternating-current dynamo. The Mimplesl 
form of commercial dynamo coumhIh of a coil of wire ho arranged 
as to rotate e.ontinuouHly between the pules of a powerful 
electromagnet (Tig. HUH). 

In order to make the mag¬ 
netic field in which the con¬ 
ductor is moved uh Nlrong an 
possible, the e.oil in wound 
upon on iron core (■, Thin 
greatly increases the total 
number of linen of magnetic 
force which pans between N 
and $, for the core offers an 
iron path, as shown in Fig. 

809, instead of an air path. l«’iu. 8ua, liiug-wuuud arumturu 
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The rotating part, consisting of the coil with its core, is 
called the, (U'mahnr. If the coil is wound in the manner shown 
in Figs. dOS and Th), the armature 
is said to he of the. r!n</ type; if 
in the manner shown in Digs. M() 

;ind oil, it. is said to he of the 
,/rtntt type. 'File, latter form of 
whaling is used almost, exclusively 
in modern machines. 

One. end of the coil is attached 
t,o the insulated metal ring /.*, which Vu> ' ,m Klul vkw t,f ril, B 
is attached rigidly to the .shaft of 

the armature and then 1 ,fore rotates with it, while the other end 



of the coil is attached to a second ring W. 'The brushes b and b r , 


which constitute the. terminals of 
the. external circuit, are always 
in contact, with these rings. 

As the coil rotates an in¬ 
duced alternating current passes 
through the circuit. This cur 
null, reverses direction as often 
as the coil passes through the 
position shown in Figs. 1101) and 



ill 1, that is, the position in which the conductors are moving 


parullvl Tithe lines of force; for at this instant the conductors 


which were moving up begin to 
move, down, and those which were 
moving down begin to move up, 
'The. current roaches its maximum 
value when the cods are. moving 
through a position ( .H)“ farther on, 
for fliiui the lilies of force are 



being cut most rapidly by the eon- Kju _ 31L Kud view of drum 


due tors on both aides of the coil. armature 


t 
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364. The multipolar alternator. Fur must, eominoreial purposes it is 
found desirable to have IliU or move alternations of current per second 
TIiIh could nob be attaint'd easily with two pole machines like those 
sketched in Figs. IltlS to ill 1. Hence 

commercial alternators arc usually ^ hj 

built vvith a large number of poles / /\ \ /^\\ “ ^ 

alternately A f and .s', arranged / / f •aX 

around the ehrumferenee of a r- //'^vv L.t «* <s ‘ 
circle in the manner shown in N T* jj[ ^ \y$f|> «• J ] «§* 
Fig. 1112. The dotted lines repre. H \\ H ‘n 

sent the direction of the lines of \-S *<* of 7 / 

force through the iron. It will he \\ v>*v // 

seen that the coils which art' pass- \. r»pT” \ ^ S 

ing ht'tu'ath N poles have induced ky *. 

currents set up in them, blit' direr- 

„ I' ft. Jill!. Diagram ut allenmtfiig- 

tum of which is opposite to that nmvlU dynamo 

of the currents which are induced 

in the conductors which are passing beneath tin* .S' ) wiles. Since, how¬ 
ever, the direction oT winding of the armature coils changes between 
each two poles, all the inductive effects of all the pules are added in the 
coil and institute at any instant one single current flowing around the 
complete circuit in the manner indicated by the arrows in the diagram. 
Tliis current reverses dirce- 

timi at the instant at which \|P _ 

resents a modern commercial 'r^BL' 

alternator. Fm. 813. Alternating-current dynamo 


us of current, per > 
ole umehiues like 


SSAf \ I- 


ff\„y 


Diagram ot allermitiug- 
eurveut dynamo 


365. The principle of the commutator. By tho uhm of a ho- 
oallcd commutator it in poHniblo to tnumform a currant which 
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is alternating in the coils of the armature to one which always 
llows in the same direction through the external portion of 
the circuit. The simplest possible form of such a commutator 
is shown in .Fig. 314. It consists of a single metallic ring 
which is split into two equal in¬ 
sulated semicircular segments 
a and c. One end of the rotat¬ 
ing coil is soldered to one of 
these semicircles, and the other 
end to the other semicircle. 

Hrushes h and h' are set in 
such positions that they lose 
contact with one semicircle 
and make contact with the other at the instant at which the 
current changes direction in the armaturo. The current there-' 
fore always passes out to the external circuit through the 
same brush. While a current from such a coil and cdimuic 
tator as that shown in the figure would always flov, in the 
same direction through the ex¬ 
ternal circuit, it would he of a 
pulsating rather than a steady 
character, for it would rise to 
a maximum and fall again to 
zero twice during each complete 
revolution of the armature. This 
effect is avoided in the eommor- 
cial direct-current dynamo by 
building a eommutator of a largo number of segments instead 
of two, and eonneeting each to a portion of the armaturo coil 
in the manner shown in Fig. 315. 

366. The ring-armature direct-current dynamo. Fig. 315 is a diagram 
illustrating the construction of a commercial two-polo direct-current 
dynamo of the ring-armature type. Tim figure represents an end view 
of a core like that shown in Fig. 308. The coil is wound continuously 



Fto. 815. Two-polo direct-current 
dynamo with ring armature 



Ftu. 814. The simple commutator 
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around the core, each segment being connected to a corresponding seg¬ 
ment of the commutator, in the manner shown in the figure. At a given 
instant currents are being induced in the same direction in all the con¬ 
ductors on the outside of the core on the left half of the armature. The 
cross on these conductors, representing the tail of a retreating arrow, is 
to indicate that these currents flow away from the reader. No E.M.F.’s 
are induced in the conductors on the inner side of the ring, since these 
conductors cut no lines of force (see Fig. 309) ; nor are currents induced 
in the conductors at the top and bottom of the ring where the motion 
is parallel to the magnetic lines. The addition of all these similarly 
directed currents in the various convolutions of the continuous coil on 
the left side of the ring constitutes one single current flowing upward 
through this coil toward the brush b (see arrows). On the right half of 
the ring, on the other hand, the in¬ 
duced currents are all in the opposite 
direction, that is, toward the reader, 
since the conductors are here all 
moving up instead of down. The 
dot in the middle of these conductors 
represents the head of an approach¬ 
ing arrow. The summation of these 
currents constitutes one single cur¬ 
rent also flowing upward in the right 
half of the coil toward the brush b. 

These two currents from the two 
halves of the ring pass out at b 
through the external circuit and back at b'. This condition always 
exists, no matter how fast the rotation; for it will be seen that as each 
loop rotates into the position where the direction of its current reverses, 
it passes a brush and therefore at once becomes a part of the circuit on 
the other half of the ring, where the currents are all flowing in the 
opposite direction. 

If the machine is of the four-pole type, like that shown in Fig. 316, 
the currents flow toward two neutral points, or points of no induction, 
instead of toward one, as in two-pole machines, and they flow away from 
two other neutral points (see p,p,p',p', Fig. 316). Hence there are 
four brushes, two positive and two negative, as in the figure. Since the 
two positive and the two negative brushes are connected as shown, both 
sets of currents flow off to the external circuit on a single wire. The 
figure with its arrows will explain completely the generation of currents 
by a four-pole machine. 



Fig. 316. Four-pole direct-current 
dynamo, ring-armature type 
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367. The drum-armature direct-current dynamo. The drum-wound 
armature, ,shown in Mention in Fig. 317, has an advantage over the 
ring armature in that, while, tins con¬ 


ductors oil the inside of the latter 
never eut lines of force and are there¬ 
fore always idle, in the former all of the 
conductors are cutting lines of force 
except when they are passing the neu¬ 
tral points. In theory, however, flu 1 
operation of the drum armature is pre¬ 
cisely flu 1 same, as 1-hat of the ring 



armature. All the conductors on the 
left side of the line connecting tin 1 
brushes (sis'. Fig. 317) carry induced 


Fin. 317. The direct,-current 
dynamo, drum winding 


currents which How in one direction, while all the conductors on the 



right side of this line have 
opposite currents induced in 
them. It will he seen, how¬ 
ever, in tracing out the con¬ 
nections 1, lj, 2, 2 P 3, 3 t , etc., 
of Fig. 317 (the dot,ted lines 
representing connections at 
the hack of the drum), that 
the coil is so wound about the 
drum that the currents in 
both halves are always flow¬ 
ing toward one brush b, from 
which they are led to the ex¬ 
ternal circuit;. Fig. 318 shows 
a typical modern four-pole 
generator, and Fig. 310 the. 
corresponding drum-wound 
armature. Fig. 320 (p. 805) 


illustrates nicely tlm method of winding'such an armature, each coil 


beginning on one segment, of the 
commutator and ending on the 
adjacent, segment. 

368. Series-, shunt-, and compound- 
wound dynamos. In direct-current 
machines the field magnet NS is 



excited by the current which the Km. 810. Holtzor-Cabot armature 
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dynamo itself produces. hi the so-called shunt mound machines a small 
portion of the current, is led oil' from the brushes through a great, many 
turns of line wire which encircle tin* core ot the magnet, while the rest 
of the. current, Hows through the external circuit (see Kig.TJU). In the so- 
called sarics-mound d>/n<inn> (Fig. 021) the wlmle ut the current is carried 
through a few turns of coarse win' which encircle the held magnets. 
'These turns art* then in series with the external circuit, hi the rmii/iinim/. 
wound nuu'hinu (Fig. 022) there is hoth a series and a shunt coil. By 
this arrangement it is possible to maintain a constant potential differ¬ 
ence between the brushes, no matter how much tin* resistance of the 
external circuit may he varied. Hence, for purposes in which a varying 


Main Circuit Main (Yrcutt 



current is demanded, as in incandescent, lighting, the operation of street 
cars, etc., compound-wound dynamos are almost exclusively used. 

In all these types of self-exciting machines there is enough residual 
magnetism left in the iron cores after stopping to start feeble induced 
currents when startl'd up again. 'These currents Immediately increase 
the strength of the magnetic field, and ho the machine iptiekly builds 
up its current until thn limit of magnet,imtion is reached. 

For incandescent electric lighting it is customary to use a dynamo 
of the compound type which gives a l\I>. between its " mains " of either 
110 or 220 volts. 'The lamps are always arranged in parallel between 
these mains, as is illustrated in Fig. 022. In arc lighting a series-wound 
dynamo is usually used, and the lamps are almost invariably arranged 
in series, as in Fig. 1121. About 00 lamps are commonly fed by one 
machine. This requires a dynamo capable of producing a voltage of 
2500 volts, since each lamp requires a pressure of about fit) volts. Hince 
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an arc light usually requires a current of 10 amperes, such a dynamo 
must furnish 10 am]teres at 2000 volts. The power is therefore 
10 x 2000 = 20,000 watts. The dynamo must therefore have an activity 
of 25 kilowatts, or about 33.5 horse power. 

369. The electric motor. In construction the electric motor 
differs in no essential respect from the dynamo. To analyze 
the operation as a motor of such a machine as that shown in 
Fig. 815, suppose', a current from an outside source is first sent 
around the coils of the hold magnets and then into the arma¬ 
ture at //. I hue it will divide and Jlow through all the con¬ 
ductors on the It'll half of the ring in one direction, and through 
all those on the right half in the 1 - opposite direction. Hence, 
in accordance with the motor rule, all the conductors on the 
left side are urged upward by the influence of the hold, and 
all those on the right side art', urged downward. The armature 
will therefore begin to rotate, and this rotation will continue 
so long as the current is sent in at // and out at h. For as fast 
as coils pass either b or //, the direction of the current flowing 
through’them changes, and therefore the direction of the force 
acting on them changes. The left half is therefore always 
urged up and the right half down. The greater the strength of 
the current, the greater the force acting to produce rotation. 

If the armature is of the drum type (Fig. 317), the conditions 
arc not essentially different. For, as may be seen by following 
out the windings, the current entering at b' will flow through 
all the conductors in the left half in one direction and through 
those on the right half in the opposite direction. The com¬ 
mutator keeps these conditions always fulfilled. The analysis 
of the operation of a four-pole dynamo (Fig. 316) as a motor 
is equally simple. 

370. Street-car motors. Kloetrio street cars arc nearly all operated by 
direct-current series-wound motors placed under the cars and attached 
by gears to the axles. Fig. 323 shows a typical four-pole street-car 
motor. The two upper Held poles are raised with the case when, the 
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motor is opened for inspection, as in the figure. The current is general! 
supplied by compound-wound dynamos which maintain a constat) 
potential of about 500 
volts between the trol¬ 
ley, or third rail, and 
the track which is used 
as the return circuit. 

The cars are always 
operated in parallel, as 
shown in Fig. 324. In 
a few instances street 
cars are operated upon 
alternating, instead of 
upon direct-current, cir¬ 
cuits. In such cases the 
motors are essentially the same as direct-current series-wound motors 
for since in such a machine the current must reverse in the fiel 



Fig. 324. Street-car circuit 

magnets at the same time that it reverses in the armature, it will I 
seen that the armature is always impelled to rotate in one directioi 
whether it is supplied with a direct or with an alternating current. 

371. Back E.M.F. in motors. When an armature is set ini 
rotation by sending a current from some outside source throng 
it, its coils move through a magnetic field as truly as if th 
rotation were produced by a steam engine, as is the case i 
running a dynamo. An induced E.M.F. is therefore set u 
by this rotation. In other words, while the machine is actin 
as a motor it is also acting as a dynamo. The direction of th 
induced E.M.F. due to this dynamo effect will be seen, froi 
Lenz’s law or from a consideration of the dynamo and mote 
rules, to be opposite to the outside P.D., which is causin 



Fig. 323. Railway motor, upper field raised 
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current to pass through the motor. The faster the motor rotates, 
the busier the linos of lorce are out, and lienee the greater the 
value of this so-called bark M.M.F. If the motor were doing no 
work, the speed of rotation would increase until the back E.M.P. 
reduced the current to a value simply sufficient to overcome 
friction. It will he seen, therefore, that in general the faster the 
motor goes, the. loss the, current which passes through its arma¬ 
ture, lor this current is always due 1 , to the difference between, 
the 1M). applied at the brushes — 500 volts in the ease of 
trolley cars -and (lie. back F.IYI.F. When the motor is start¬ 
ing, the back F.M.F. is zero; and hence, if the full 500 volts 
were applied to the brushes, the current sent through would 
be so large as to ruin the armature through overheating. To 
prevent, this (Mich car is furnished with a " starting box,” which 
consists of resistance coils which the tnoforman throws into 
series with the motor on starting, and throws out again 
gradually as the speed inc.rea.ses and the back E.M.F. conse¬ 
quently rises.* 

QUESTIONS AND PROBLEMS 

1. Kxplain how an alternating current, in 1,1m armature, is trail*- 
formed into a unidirectional e.urrent in tlm external circuit',. 

2. Two Hiiceesmve coils on the armature of a multipolar alternator 
are cutting lines of force which run in opposite, directions. How does 
it happen that the currents generated (low through the wires in the 
same, direction? fFig. 1112.) 

3. A multipolar alternator has 20 poles and rotates 200 times per miti- 
nle. How tunny alternations per second will he produced in the nireuit? 

4. With the aid of the. dynamo rule explain why, in Fig. 310, the. 
current in the eomlur.tors under tlm south poles is moving toward the 
observer, and that in the conductors under the. north poles away from 
the observer. Kxplain in a similar way the directions of the arrows in 
Figs, bin and 317. 

§. Kx plain why the brushes in Fig. 310 touch the commutator in 
the positions shown rather than at some other points. 

• This discussion should he followed by a laboratory experiment on the study 
of a small electric motor or dynamo. Hoc, for example, Experiment No. 37 of the 
authors' manual. 
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6. Tf a direct-current machine of the same K»*iu*rnl type an that 
shown in Fig. Old had twelve poles, how immy brushes would he needed 
on the commutator-? 

7. If a current is stmt into the urinatlire of h ig. 01.> at h , and taken 
out at b , which way will the armature revolve? 

8. When an electric fan is first started, the current through it is much 
greater than it is after the. fan has attained its normal speed. \\ hy V 

9. IE in the machine of Fig. Mill a current is sent in on the wire 
marked + , wind, will he the direction of rotation? 

10. Would an armature wound on a wooden core he as effective as 
one. made of the same number ol turns wound on an iron core ? 

11. Will it take more work to rotate a dynamo armature wlnm the 
circuit is closed than when it. is open? \\ hy V 

12. Show that if tin* reverse of l.euz’s taw were true, a motor once 
startl'd would run of itself and do work; that i>, it would lurtimh a case 
of perpetual motion. 

13. If a series-wound dynamo is running at a count ant speed, what 
effect will 1 h> produced on the strength of the field magnets hy dimin¬ 
ishing the external resistance amt thus increasing the current ? What 
will he the effect on the E.M.F.? (Remember that the whole current 
goes around the held magnets.) 

14. If a shunt-wound dynamo is run at. constant speed, w hut effect 
will he produced on thu strength of the field magnets by reducing the 
external resistance? What effect wilt this have on the E.M.F. V 

15. In an incandescent-lighting system the lamps are connected In 
parallel across the mains. Every lamp which is turned on. then, dimin¬ 
ishes the external resistance. Explain from a consideration of Problems 
13 and 14 why a compound-wound dynamo keeps the P.lh between the 
mains constant. 

16. Explain why a series-wound motor cun run either on a direct or 
an alternating circuit. 

17. If the pressure applied at the terminals of a motor is Odd volts, 
and the hack pressure, when running at. full speed, is -Ifid volts, what is 
the currant flowing through the armature, its resistance being Id ohms? 

. 18. Single dynamos often operate ns many ns Id,Odd incandescent, 
lamps at lit) volts. If these lamps are all arranged in parallel and each 
requires a current of /> ampere, what Is the total current furnished hy 
the dynamo? What is l,lit' activity of the machine in kilowatts and in 
hoi’BC power ? 

19. IIow many 110-volb lamps like those of Problem IB can he 
lighted by a 12,000-kilowatt generator? 

20. Why does it take twice as much work to keep a dynamo running 
when 1000 lights are on the circuit as when only fiOO are turned on? 
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.ITUNdIPLK OK Til K, INIUJOTION OoiL AND TRANSFORMER 

372. Currents induced by varying the strength of a magnetic 
field. h«*t. about, r,l)l) turns of No. 2S coppor wiro bo wound around one 
(snd of an iron core, ns in Fig. Tin, and (sonnooksd to the circuit of a 
galvanometer. Let about. r>()() limns turns bo wrapped about another 
portion of the core and connected info tins circuit of two dry cells. When 
tins key K is closed flic dolled,ion of the galvanometer will indieatethat 
a temporary current, lias been induced in one direction through tho coil s, 
and when it is opened an equal hut opposite dello.cfion will indicate an 
equal current ilowing in tins opposite direction. 

Tins experiment iliu.si,mins the principle of the induction 
coil and the transformer. Tim coil p, which is connected to the 
source of the current, 
is called the prim art/ 

doily and the enil «, in j N/X, _ .1 

which (lie currents are f|Of| — ■> 

induced, is called the J) 
xeeondnrif rail. (hius- 

. ‘ .... . I'm. fkifi. Induction of cuiTout by magnetizing 

,U K hues ol hircc to and demagnetizing an iron core 

spring into existence 

inside of # in other words, magnetizing the space inside of 8 — 
has caused an induct'd current to How in «; and demagnetizing 
the spaee inside of « has also induced a current ill s in accord¬ 
ance with the general principle stated in § 358, that any change 
in lhe number of nutgnvlie, linen of faree which thread through a 
rail indued* a current in, the eoii We may think of tho lines 
as always existing as closed loops (see Fig. 285, p. 274) which 
collapse upon demagnetization to mere double liues at the axis 
of the coil. Upon magnetization one of these two lines springs 
out, cutting the encircling conductors and inducing a current. 

373. Direction of the induced current. Lenz’s law, which, 
it will 1m remembered, followed from tho principle of conser¬ 
vation of energy, enables us to predict at once the direction 
of the induced currents in the abovo experiments; and an 
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observation of the deflections of the galvanometer enables us to 
verify the correctness of the predictions. Consider first the case 
in which the primary circuit is made and the core thus magnet¬ 
ized. According to Lenz’s law, the current induced in the sec¬ 
ondary circuit must be in such a direction as to oppose the change 
which is being produced by the primary current, that is, in such 
a direction as to tend to magnetize the core oppositely to the 
direction in which it is being magnetized by the primary. This 
means, of course, that the induced current in the secondary 
must encircle the core in a direction opposite to the direction 
in which the primary current encircles it. We learn, therefore, 
that on making the current in the primary the current induced 
in the secondary is opposite in direction to that in the primary. 

When the current hi the primary is broken , the magnetic 
field created by the primary tends to die out. Hence, by Lenz’s 
law, the current induced in the secondary must be in such a 
direction as to tend to oppose this process of demagnetization, 
that is, in such a direction as to magnetize the core in the same 
direction in which it is magnetized by the decaying current 
in the primary. Therefore, at break the current induced in the 
secondary is in the same direction as that in the primary. 

374. E.M.F. of the secondary. If half of the 500 turns of 
the secondary s (Fig. 325) are unwrapped, the deflection will 
be found to be just half as great as before. Since the resistance 
of the circuit has not been changed, we learn from this that 
the JS.M.F. of the secondary is proportional to the number of 
turns of wire upon it —a result which followed also from 
§ 361. If, then, we wish to develop a very high E.M.F. in 
the secondary, we have only to make it of a very large number 
of turns of fine wire. 

375. Self-induction. If in the experiment illustrated in 
Fig. 325 the coil s had been ma.de a part of the same circuit as 
p, the E.M.F.’s induced in it by the changes in the magnetism 
of the core would of course have been just the same as above. 
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In other words, when a current, starts in a coil the magnetic 
held which it itself produces tends to induce a current oppo¬ 
site in direction to that of the starting current, that is, tends 
to oppose, the starting of the current; and when a current 
in a coil stops, the collapse, of its own magnetic field tends to 
induce a current in the same, direction as that of the stopping 
current, that is, tends to oppose 1 , the stopping of the current. 
This means merely that a current in, a coil arts as though it had 
inertia , and opposes ani/ attempt to start or stop it This inertia- 
like effect of a coil upon itself is called self-induction. 

Let a few dry eel Is be. inserted into a eiro.uit containing a coil of a 
large number of turns of wire, the circuit being closed at some point by 
touching two ban 1 , copper wires together. Holding the hare wire in the 
lingers, break the. circuit between the hands and observe the shock duo to 
the current which the. E.M.F. of self-induction sends through your body. 
Without l.lu* coil in circuit you will obtain no such shock, though the 
current stopped when you break the circuit will he many times larger. 

Thu spark coil on an automobile is a good illustration of a device for 
producing a spark due to self-induction. 

376. The induction coil. The induction (soil, as usually 
made (Kig. 320), consists of a soft iron core (7, composed 



Fiii. 82(1. Induction coil 


this core, and consisting of, say, 200 turns of coarse copper wire 
(for example, No. 16), which is connected into the circuit of 
a battery through the contact point at the end of the screw 
d ; a secondary coil s surrounding the primary in the manner 
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18 l«*rlm |»8 111,000 time i *tt gre.it a? ?*!•- -*e, to .U u. un-i !h««rfnre tjjt* 
K.M.F. is also wmn'thiiHj ht.*- 1 > , . M,H ' im-r-t m h -s. .** I’. ?K«- m.umd tt* > 

of Urn coil, tin* circuit *4 tin* J-* tssuu t o smi.-innt:- «;U hu.t amt hmtu'n 
at h hy inoHUH of tin* magm-t mud th*- nj-s »« h *, ysr. *-i *-!<0 m thi- c«w of f 

ttw {‘liTtriv. hell, l.el tin* slmh n! «n«!<»,'•• Itn j atl i-f sSs« . ..»l h«r luw 
gplf, ' 1 'ln* voltileJiW'r. lit lie- *lia«£»«i», •»Oli iti --n-li t ,f | 4 mU^ : 

wmm'fUHl to the ponthivt-nrs on n?4« *4 sL« ^<SJ. hdweea r 

ami tl, is not an ewntsnl j<»ri *4 » l >s U *ali'-n m *•> Ji«t},.4u. «-tl iti* 1 

found that the length of tlo* *>j.atfe, whl -St rats I'.- -trn* a- s..sa 0-tween t 

and t in csotwiderahly Invrrntnl. I ii«» a , t ■::«<%-», W!»■**» tin* 

circuit ia broken at /* the inertia, that v>, t^« e«-lf »i s .io- is-*n, <4 tin* |<il* 
mary nirrent, h*ud» to mak** » »j*»sk |uusj. «. s«>-s» U-.m 4 i*» I.; and if 
this haj*|H*tt«, the current cantsim*-» t«* tintlm aj.^rk for are) 
until tho terminals have heroine w.| os?«-4 # . n-mh mMc din- 

tanofi. This makes the eurreni dn* 4-^n »,f suddenly, 

an it ought to do to |.n«lnve » Isi^li t, M t', It?*?, «h<-u « . ,<»den^T w i»* 
8 #rtf*d, an »oou as h l«’gim» to less*- f th.i . wk-s*. J-.vns*»-. tl.e* into Ua 
oondoiwor* and this gives the hamm.-f tone t., g.-i r. , f 4t avut y frum 
d that an am cannot, h** formed 1 ‘!,?.•> im-sm a sudden hrs*ak and a 
high E.M.F, Hi nee u sj.at k j.ass**:, !,<!»«■(, * a s*-l r *.nh «i break, If 
must always juum in the mnw »lif*vti..s s t ’<u!» -»!», is y I m.-ts 

(jwhftjw f»tin,tHM) Volta) arc Hot mu nuuie-n ?ne<. Is * .-lit usswlij hifi 

hundreds of mile*of wire t»f«n th*u 
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377. Laminated cores ; Foucault currents. The cove of an induction 
coil should always he made of a bundle of soft iron wires insulated 
from one another by means of shellac or varnish 
(see, Fig. 5127); for whenever a current is started 
or stopped in the primary p of a coil furnished 
with a solid iron core (see Fig. 552S), the change in I f )) 

the magnetic held of the. primary induces a cur- 
rent in the conducting core O for the same reason 
that, it imtu.-.-K «,» in tJ.a s.T.n«la,-y This our- j, m _ 327 , Cor „ 0l 
rant n.itvs arminil Urn l,„,ly „t 1,1m am, in tin, sl ,i ato l iron wires 
same <lirection as the induct'd current in the 

secondary, that is, in the. direction of the arrows. The only effect of 
these so-called t'tftfy or Foucault currents is to heat the core. This is 
obviously a waste of energy. If we can prevent the , 

appearance of these currents, all of the energy 
which they would waste, in heating the core may (f 

he made to appear in the current of the seoondai’y. (I 

The core is therefore built of varnished iron wires, V\N(iij W^'/J 

which run parallel to the axis of the coil, that is, 
perpendicular to tin*, direction in which the cur- „ 

rents would be induce.!. The induced E.M.F. then*.- ^Zv- 

fore linds no closed circuits in which to set up a nm ( iH j n H0 p,i ouro 
current (Fig. 5127). If is for the same reason that 
the iron cores of dynamo and motor armatures, instead of being Holid, con¬ 
sist of iron disks placed side by side, as shown in Fig. 5121), and insulated 
from one another by films of 

to the direction of the induced Fin, 821). Laminated drum-armature 
K.M.F., that is, perpendicular to core with commutator, showing one 
the. conductors upon the core. cc, d wound on the core 


Fin. 828. Diagram 
Hliowing eddy cur¬ 
rents in solid core 


378. The transformer. The commercial transformer is a 
modified form of the induction coil. The chief difference is 
that (lit', core It (Fig. 330), instead of being straight, is bent 
into tho form of a ring, or is given some other shape such 
that the magnetic lines of force have a continuous iron 








301 ) 


INDUCED CURRENTS 


path, instead of being obliged (o push out into tin* air, as in 
the induction coil. Furthermore, it is always an alternating 
instead of an intermittent current wlueh 
is sent through the primary A. Send¬ 
ing such a current through A is equiva¬ 
lent to magnetizing the core first in one 
direction, then demagnetizing it, then 
magnetizing it in the opposite direc¬ 
tion, etc. The results of these changes 
in the magnetism of the eon* is of 
course an induced alternating current in the secondary It, 
379. The use of the transformer. The use of the transformer 
is to convert an alternating current from one voltage to 
another which, for some reason, is found to be more convenient,. 
For example, in electric lighting when' an alternating current 


it 



it 

!m*.. .'Sail. Diunrum uf 
tnuiHli inner 


is used, the F.M.F. gen¬ 
erated by the dynamo 
is usually either 1100 
or 2200 volts, a volt¬ 
age. too high to he, in¬ 
troduced safely into 
private houses. IIcue,e. 
transformers are con¬ 
nected across the main 





conductors in the man¬ 
ner shown in Fig. 331. 


Km. .'}.*! 1. AltemnUug curri'iit light lug circuit 
with tmiiHftinni'in 


The current which passes into the houses to supply the lamps 


does not come directly from the dynamo. It is an induced 


current generated in the transformer. 


380. Pressure in primary and secondary. If there are a few 


turns in the primary and a large number in the secondary, the 
transformer is called a tttep-up transformer, because the IU>. 
produced at the terminals of the secondary is greater than that 
applied at the terminals of the primary. Thus an induction 
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coil is a step-up trails Conner. In electric lighting, however, 
transformers are mostly of the ,s 'top-down type; that is, a high 
IM)., say, 2200 volts, is applied at the terminal of the primary, 
and a lower 1M>., say, 110 volts, is obtained at the terminals 
of tlui secondary. In such a transformer the primary will have 
twenty times as many turns as the. secondary. In general, the 
ratio between the. eolfayes at the terminals of the primary and 
seeondary is the ratio of the -number of turns ofieire upon the two. 

381. Efficiency of the transformer. In a perfect transformer 
the efficiency would he unity. This means that the electrical 
energy put into the. primary, that is, the volts applied to its 
terminals times the. amperes flowing through it, would be ex¬ 
actly equal to till! energy taken out in the secondary, that is, 
the. volts generated in it times the. strength of the induced 
current; and, in fact, in actual transformers the latter prod¬ 
uct. is often more than of the former; that is, there is 

less than >\% luss of energy in the transfgrmation. This lost 
energy appears us heat in the transformer. This transfer, 
which goes on in a big transformer, of huge quantities of 
power from one circuit to another entirely independent cir¬ 
cuit, without noise or motion of any sort and almost without 



Fki. ;m2. Rummer- 
cial tmuHiSirmer 


loss, is one of the most wonderful phenomena 
of modern industrial life. 



Km. 333. Cross section 
of transformer, show¬ 
ing Milage of magnetic! 
Held 



Fro, 334. Trans¬ 
former ease 


382. Commercial transformers. Fig. M2 illustrates a common typo of 
transformer used iu electric lighting. The core is built up of slioet-iron 
lam lute about | millimeter thick. Fig. 333 shows a section of the Maine 

t 
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transformer. (tinned magnetic circuit ut the cure is indicated by the 

arrows. The primary and the. two secondaries, which run lurnish either 
52 or 104 volts, are indicated by the. 
letters/*, S v and S. y Fig. TM is the 
case in which the transformer is 
placed. Such eases may lm seen 
attached to poles outside' of houses 
wherever alternating currents are 
used for electric-lighting (Fig. 335). 

383. Electrical transmission of 
power. Since the electrical energy 
produced l>y a dynamo is equal to the. 
product of the E.M.F. generated by 
the current furnished, it is evident, 
that in order to transmit from one 
point to another a given number of 
watts, say, 10,000, it is possible to 
have either an IC.M.F. of 100 volts 
and a current of 100 amperes, or an 
IC.M.F. of 1000 volts and a current of 
10 amperes. In the two cases, how¬ 
ever, the loss of energy in the wire which carries the current from the 
place where it is generated to the place where it is used will be widely 
different. If ii represents the resistance of this transmitting win*, the so- 
called " line,” and C the current {lowing through it, we have seen in § Hof 
that the heat developed in it will be proportional to (’ a /». lienee the 
energy wasted in heating the line will he, hut 1 as much in the ease of 
the high-voltage, 10-atnpero current as iu the ease of the hover voltage, 
100-ampere current. lienee, fur long-distance transmission, where line 
losses are considerable, it is important to use the highest possible voltages. 

On account of the diflleulty of insulating the eomipututor segments 
from one another, voltages higher than 700 or H00 cannot be obtained 
with direct-current dynamos of the kind which have been described. 
With alternators, however, the diHiculties of insulation are very much 
less on account of the absence of a commutator. The large 10,000-herwv 
power alternating-current dynamos on the Canadian side of Niagara 
Falls generate directly 12,000 volts. This is the highest voltage thus 
far produced by generators. In all cases where these high pressures arc 
employed they are transformed down at the receiving end of the Hn« 
to a safe and convenient voltage (from 50 to 500 volts) by means of 
step-down transformers. 


. thin. Transformer i 
light pole 
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It will be seen from the above facts that only alternating currents 
are suitable for long-distance transmission. Plants are now in operation 
which transmit power as far as 150 miles and use pressures as high as 
100,000 volts. In all such cases step-up transformers, situated at the 
power house, transfer the electrical energy developed by the generator 
to the line, and step-down transformers, situated at the receiving end, 
transfer it to the motors, or lamps, which are to bo supplied. The gen¬ 
erators used on the American side of Niagara Falls produce a pressure 
of 2800 volts. For transmission to Buffalo, 20 miles away, this is trans¬ 
formed up to 22,000 volts. At Buffalo it is transformed down to the 
voltages suitable for operating the street ears, lights, and factories of 
the city. On the Canadian side the generators produce currents at 
12,000 volts, as stated, and these are transformed up, for long-distance 
transmission, to 22,000, 40,000, and 00,000 volts. 

384. The mercury-arc rectifier. The mercury-arc rectifier is a recently 
developed instrument for changing an alternating to a direct current. 
It consists of two graphite anodes A 
and A' (Fig. 880), and a mercury 
cathode Ji in an exhausted bulb. It is 
found that a current will pass through 
such a bulb when the carbon is made 
the positive and the. mercury the nega¬ 
tive electrode, but riot in the reverse 
direction. When, then, an alternating 
F.M.F. is applied at // and (1, the cur¬ 
rent passes through tlu>. circuit first in 
the direction indicated by the plain 
arrows, and then, as the E.M.F. re¬ 
verses, in the direction indicated by 
the circled arrows. It will be seen that 
it always passes in the same direction 
through the storage batteries J which 
are to ho charged. Were it not for 
the largo coils KF the transformer 
would be short-circuited through PDQ 
and no current would flow through 
the path, MUD or NJW. But the 
self-inductions of E and F are so largo that most of the current flowing 
from ]\f to 1) or N to T) is forced over the path AMD or NJW. The 
extra mercury electrode C and the resistance noil O are merely used for 
starting the rectifier. This is done by tilting it until the mercury in B and 
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Fia. 880. The mercury-arc 
rectifier 
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Fig. 337. Tin; simple telephone 


<' makes contact, then righting and thus breaking this contact and 
forming a temporary arc. This puts the mercury vapor into condition 
to cause the rectifier to function as described. 

385. The simple telephone. The telephone was invented in 
IS75 by Alexander Graham Bell, of Washington, and Elisha 
Gray, of Chicago. In its simplest form it consists, at each 
end, of a permanent bar mag¬ 
net A (Fig. 387) surrounded 
by a coil of fine wire B, in 
series with the line, and an 
iron disk or diaphragm IS 
mounted close to one end of 
the magnet. When a sound 
is made in front of the diaphragm, the vibrations produced by 
the sounding body are transmitted by the air to the diaphragm, 
thus causing the latter to vibrate back and forth in f r < m f of 
the magnet. These vibrations bf the diaphragm produce slight 
backward and forward movements of the lines of force which 
pass into the disk from the magnet in the manner shown in 
Fig. 338. Some of these lines of force, therefore, cut across 
the coil B, first m one direction and then in the other, and in 
so doing induce currents in it. These 
induced currents are transmitted by 
the line to the receiving station, where 
those in one direction pass around B'iw 
such a way as to increase the strength 
<»f the magnet A', and thus increase 
the pull which it exerts upon B; while 
the opposite currents pass around B' 

»,, 
otw ^ *. ^ rrc 




Fig. 388. Magnetic iicbf 
about a telephone receiver 
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force E' to reproduce the motions of E. E' therefore sends out 
sound waves exactly like those which fell upon E. In exactly 
the same way a sound made hi front of E' is reproduced at E. 
Telephones of this simple type will work satisfactorily for a 
distance of several miles. This simple form of instrument is 


still used at the receiving end of the 
modern telephone, the only innovation 
which has been introduced consisting 
in the substitution of a U-shaped mag¬ 
net for the bar magnet. The instru¬ 
ment used at the transmitting end lias, 
however, been changed, as explained in 



Fig. 339. The modern 
receiver 


the next paragraph, and the circuit is now completed through 


a return wire instead of through the earth. A modem tele¬ 
phone receiver is shown in Fig. 339. G is the mouthpiece, 
E the diaphragm, A the U-shaped magnet, and B the coils, con¬ 
sisting of many turns of fine wire, and having soft iron cores. 


386. The modern transmitter. To increase the distance at which tele 
phoning may be done, it is necessary to increase the strength of the 
induced currents. This is done in the modern transmitter by replacing 
the magnet and coil by an arrangement which is essentially an induc¬ 
tion coil, the current in the primai*y of which is caused to vary by the 



motion of the diaphragm. This is accomplished as follows: The cur¬ 
rent from the battery B (Fig. 340) is led first to the back of the 
diaphragm E, whence it passes through a little chamber C, filled with 
granular carbon, to the conducting back d of the transmitter, and thence 
through the primary p of the induction coil, and back to the battery 
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t .. , on-™ vibrates it varies tlie pressure upon the many contact 

■tlnte of the granular carbon through which the primary current Howe. 
This produces considerable variation m the re¬ 
sistance of the primary circuit, so that as the 
diaphragm moves forward, that is, toward the 
carbon, a comparatively large current flows 
through p, and, as it moves back, a much 
smaller current These changes in the current 
strength in the primary p produce changes in 
the magnetism of the soft-iron core of the in¬ 
duction coil. Currents are'therefore induced 
in the secondary 5 of the induction coil, and 
these currents pass over the line and affect 
the receiver at the other end in the manner ex- 



Fig. 841. Cross suction of 
a long-distance telephone 


It'd i itivi i 1-fm- 


plained in the preceding paragraph. The cross 

section of a complete long-distance transmitter is shown in Fig. .‘Ml. 

387. The subscriber’s telephone connections. In the most recent prac¬ 
tice of the Bell Telephone Company the local battery at the subscriber's 
end is done away with altogether and the primary current is furnished 
by a 24-volt battery at the central station. Fig. 342 shows the essential 
elements of such a system. When the subscriber wishes to call up ecu 
tral, he has only to lift the receiver from the hook. This closes the lint) 
circuit at t, and the direct current which at once begins to flow from the 





Fig. 342. The modern telephone circuit (central-station system) 


battery B through the electromagnet g closes the circuit of 11 through 
the glow lamp l and the contact point r. This lights up the lamp l 
which is upon the switchboard in front of the operator. UiJon seeing 
this signal the latter inserts the answering ping P into the subscribers' 
"jack” / and connects her own receiver R' into the line by pressing 
the listening key 1c. The operation of inserting the plugP extinguishes 
the lamp l by disconnecting the contact points o. The battery li' is, 
however, now upon the line ( B and B' are, in fact, one and the same 
battery, shown here separate only for the sake of simplifying the 
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diagram). As, now, the subscriber talks into the transmitter T, the 
strength of the direct current from the battery A' through the primary 7 ) 
is varied by the varying pressure of the diaphragm E upon the granular 
carbon <?, and these variations induce in the secondary s the talking 
currents which pass over the line to the receiver R' of the operator. 
Although with this arrangement the primary and secondary currents 
puss simultaneously over the same line, speech is found to be trans¬ 
mitted quite as distinctly as when the two circuits are entirely separate, 
as is the case with the arrangement of Fig. 340. When the operator 
finds what number the subscriber wishes, she inserts the calling plug P' 
into the proper line and presses the ringing key IS. This cuts out the 
first subscriber, while the ringing is going on, by opening the contact 
j mints 0 ' and (dosing the points a". When the person called answers, 
the ringing key k' is released, and the two subscribers are thus con¬ 
nected and the magneto M, which actually runs all the time, is discon¬ 
nected from both lines. Also the operator releases her key Ic and thus 
cuits out her receiver while the conversation is going on. When one of 
the subscribers "hangs up,” another lamp like l is lighted by a mechanism 
not shown here and the operator then pulls out both plugs P and P'. 

The bell b rings when an alternaiiny P.D. is thrown upon the line, 
because, although the circuit is broken at t, an alternating current will 
surge into and out of the condenser C and thus pull the armature first 
toward m and then toward n. The bell could, of course, not bo rung by 
a direct current. 

QUESTIONS AND PROBLEMS 

1. Does the spark of an induction coil occur at make or at break? 
Why? 

2. Explain why an induction coil is able to produce such an enormous 
K.M.F. Draw a diagram to illustrate the method of operation of the coil. 

3. Why could nob an armature core be made of coaxial cylinders of 
iron running the full length of the armature, instead of flab disks, as 
shown in Fig. 320 V 

4. What relation must exist between the number of turns on the 
primary and secondary of a transformer which feeds 110 -volt lamps 
from a main lino whoso conductors are at 1000 volts P.D.? 

5. The same amount of power is to be transmitted over two lines 
from a power plant to a distant eity. If the heat losses in the two lines 
are to be the same, what must bo the ratio of the cross sections of the 
two lines if one current is transmitted at 100 volts and the other at 
10,000 volts? 
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388. Sources of sound. If a sounding tuning fork provided 
with a stylus in stroked across a smoked-glass plate, it produces 
a wavy line, as shown in Fie;. :\ pi; if a light, suspended hall 
is brought into contact with if, the latter is thrown off with 
considerable violence. If we look about lor the source of any 

sudden noise, we lind that some oh , . ^ 

jeet has fallen, or some collision has 

occurred, or some explosion has taken *’ :it '' 1, * n “‘ 0 tv 
plae.o; in a word, that some violent Unnoiuj, n-ik 


motion of mat lor 1ms been set up in some way. From these 
familiar facts we conclude that Houmt front th>' 

<>f matter. 

389. Media of transmission. Air is ordinal ik the medium 
through which sound comes to ottr ears, \et tlie Indians put 
their cars to the ground to hour a distant noise, and must hoys 
know how loud the clapping of stones sounds under water. 
If the base, of the sounding fork of Fig. HIU is bold in a dish 
of water, the. sound will be markedly transmitted by the water. 
Those facts show' that a gas like air is certainly no linin' 
effective in the transmission of sound than a liquid or a 
solid. Let us next, sec whether or not matter is necessary 
at. all for the transmission of sound. 


* This chapter aluiuhi lie accompanied hv lutH>r;Um\ »■ sj»er)ments nit the 
ef Hoitml in air, the vibration rate of a fork, and the dctrrmtn«U<m of wave length*. 
Hn«, for example, Experiments HH, m*, and -W „f the author*' manual 
314 
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Let an electric bell be suspended inside the receiver of an air pump 
by means of two line springs which pass through a rubber stopper in 
the manner shown in Fig. 344. Let the air be exhausted from the 
receiver by means of the pump. The sound of the 
bell will be found to become less and less pro¬ 
nounced. Let; the air be. suddenly readmitted. The 
volume of sound will at once increase. 

Since the nearer we approach a vacuum, 
the less distinct becomes the sound, we infer 
that sound cannot he transferred through 
a vacuum and that therefore the trammix- 
xion of xoand, ix effected only through the Fio.844. Sound not 
agency of ordinary matter. In this respect (,r!Ulsnut;tC!d tlirou s h 
sound differs from heat and light, which 
evidently pass with perfect readiness through a vacuum, 
since they reach the earth from the sun and stars. 

390. Speed of transmission. The lirst attempt to- measure 
accurately the speed of sound was made in 1738, when a com¬ 
mission of the French Academy of Sciences stationed two 
parties about three miles apart and observed the interval 
between the (lash of a cannon and the sound of the report. 
By taking observations between the (.wo stations, first in one 
direction and then in the other, the effect of the wind was 
eliminated. A second commission repeated the.se experiments 
in 1832, using a distance of 18.6 kilometers, or a little more 
than 11.ft miles. The value found was 331.2 meters per sec¬ 
ond at 0° C. The accepted value is now 331.3 meters. The 
speed in water is about 1400 meters per second and in iron 
5100 meters. 

The speed of sound in air is found to increase with an in¬ 
crease in temperature. The amount of this increase is about 
60 centimeters per degree centigrade, lienee the spoed at 
20° O. is about 343.3 meters per second. The abovo figures 
are equivalent to 1087 feet per second at 0°(L, or 1120 feet 
per second at 20° (J. • 
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391. Mechanism of transmission. When a firecracker or toy 
cap explodes, the powder is suddenly changed to a gas the 
volume of which is enormously grealer than the volume, of 
the powder. The air is therefore- suddenly pushed back in all 
directions from the center of the explosion. 'This means that 
the air particles which lie about, this center are given violent 
outward velocities.* When those, outwardly impelled air parti¬ 
cles collide with other particles, they give up their outward 
motion to these second particles, and these in turn pass it on 
to others, etc. It is clear, therefore, that- the motion started by 
the explosion must travel cm from particle to particle' to uu 
indefinite distance from the center of tin* explosion. Further¬ 
more, it is also clear that, although the motion travels cm to 
great distances, the individual particles do not move far from 
their original positions ; for if is easy 
to show experimentally that whenever 
an elastic! body in motion collides with 
another similar body at rest, the collid¬ 
ing body simply transfers its motion to 
the body at rest and comes itself to rest. 

Lot six or eight equal stool balls be hung 
from cords in the manner shown in Rig. 51 In. 

First, lot all of t.lm balls but, two adjacent 
ones bn held to one side*, and lot one of these two be raised and allowed 
to fall against the other. The iirst bull will be found to lose its motion 
in the collision, and Urn second will he found to rise to practically tin* 
samcc height as that from which the Iirst fell. Next, let all of the balls be 
placed in linn and the end one raised and allowed to full an before. The 
motion will bn transmitted from ball to bull, each giving up the whole 
of its motion practically as soon us it receives it, and the last halt will 
move on alcmn with the- velocity which the* first ball originally had. 

* Those outward velocities are simply snqierposed upon the velocities of agita¬ 
tion which the molecules already have on account of their temj»*ritture, For our 
present purpose! we may Ignore entirely the existence of these latter vehsdttes and 
treat the particles as though they were at rest, save for Lite velocities imparted 
by the explosion, 



I'm. 51-id. It lustra ting the 
propagation of sound from 
particle to particle 
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The preceding; experiment furnishes a very nice mechanical 
illustration of the manner in which the air particles which 
receive motions from an exploding firecracker or a vibrating 
timing fork transmit these motions in all directions to neigh¬ 
boring layers of air, these in turn to the next adjoining layers, 
etc., until the motion has traveled to very great distances, 
although the individual particles themselves move only very 
minute distances. When a motion of this sort, transmitted 
by air particles, reaches the drum of the ear, it produces the 
sensation which we call sound. 

392. A train of waves ; wave length. In the preceding para¬ 
graphs we have confined attention to a single pulse traveling 
out from a center of explosion. Lot us next consider the sort 
of disturbance which is set up in the air by a continuously 
vibrating body, like the prong of Fig. 346. Each time that 
this prong moves to the right A;oc 
it sends out a pulse which 
travels through the air at 
the rate of 1100 feet per 
second, in exactly the man¬ 
ner described in the preced¬ 
ing paragraphs. Hence, if 
the prong is vibrating uniformly, wo shall have a continuous 
succession of pulses following each other through the air at 
exactly equal intervals. Suppose, for example, that the prong 
makes 110 complete vibrations per second. Then at the end 
of one second the first pulse sent out will have reached 
a distance of 1100 feet. Between this point and the prong 
there will be 110 pulses distributed at equal intervals; that 
is, each two adjacent pulses will he just 10 feet apart. If 
the prong made 220 vibrations per second, the distance be¬ 
tween adjacent pulses would be 5 foot, etc. The distance 
between two adjacent pulses in such a train of waves is called a 
wave length. 
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393. Relation between velocity, wave length, and number 
of vibrations per second. If n represents the number of vibra¬ 
tions per second of a source of sound, l the wave length, and v 
the velocity with which the sound travels through the medium, 
it is evident from the example of the preceding paragraph that 
the following relation exists between these three quantities: 

l = v/n, or v = nl ; (1) 

that is, wave length is equal to velocity divided by the number of 
vibrations per second , or velocity is equal to the number of vibra¬ 
tions per second times the wave length. 

394. Condensations and rarefactions. Thus far, for the sake 
of simplicity, we have considered a train of waves as a series 
of thin, detached pulses separated by equal intervals of air at 
rest. In point of fact, however, the air in front of the prong 
B (Fig. 346) is being pushed forward not at one particular 


AB C 
\ I t* 


tn 



Fig. 347. Illustrating motions of air particles in one complete sound wave 
consisting of a condensation and a rarefaction 


instant only, but during all the time that the prong is moving 
from A to C, that is, through the time of one half vibration of 
the fork; and during all this time this forward motion is being 
transmitted to layers of air which are farther and farther away 
from the prong, so that when the latter reaches C, all the air 
between C and some point c (Fig. 347) one-half wave length 
away is crowding forward, and is therefore in a state of com¬ 
pression or condensation. Again, as the prong moves back from 
G to A, since it tends to leave a vacuum behind it, the adja¬ 
cent layer of air rushes in to fill up this space, the layer next 
adjoining follows, etc., so that when the prong reaches A, all 
the air between A and c (Fig. 347) is moving backward and 
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a be clefgh ij 

Fig. 348. Illustration of sound waves 


is therefore in a state of diminished density or rarefaction. 
During this time the preceding forward motion "has advanced 
one-half wave length to the right, so that it now occupies the 
region between e and a (Fig. 347). Hence at the end of one 
complete vibration of the prong we may divide the air between 
it and a point one wave 


rarefaction cA. Tliear- a bcdefghij 

rows in Fig 347 rep- Fig. 348. Illustration of sound waves 
resent the direction and relative magnitudes of the motions 
of the air particles in various portions of a complete wave. 

At the end of n vibrations the first disturbance will have 
reached a distance n wave lengths from the fork, and each wave 
between this point and the fork will consist of a condensation 
and a rarefaction, so that sound waves may be said to consist 
of a series of condensations and rarefactions following one 
another through the air in the manner shown hi Fig. 348. 

Wave length may now be more accurately defined as the 
distayice between two successive points of maximum condensation 
(b and/, Fig. 348) or of maximum rarefaction (d and Ji). 

395. Water-wave analogy. Condensations and rarefactions 
of sound waves are exactly analogous to the familiar crests and 
troughs of water waves. b f j 

Thus the wave length of 

such a series of waves as d h~ 

that shown in Fig. 349 Fig. 349. Illustrating wave length of 

is defined as the distance watei waves 

If between two crests, or the distance dh, or ae, or eg, or w, 
between any two points which are in the same condition or phase 
of disturbance. The crests, that is, the shaded portions, which 
are above the natural level of the water, correspond exactly 


Fig. 349. Illustrating wave length of 
water waves 
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to the condensations of sound waves, that is, to the portions of 
air which are above the natural density. The troughs, that is, 
the dotted portions, correspond to the rarefactions of sound 
waves, that is, to the portions of ah’ which are below the nat¬ 
ural density. Nevertheless, the analogy breaks down at one 
point; for in water waves the motion of the particles is trans¬ 
verse to the direction of propagation, while in sound waves, as 
shown in § 394, the particles move back and forth in the line 
of propagation of the wave. Water waves are therefore called 
transverse waves , while sound waves in air are longitudinal waves. 

396. Distinction between musical sounds and noises. Lot 

a current of air from a g-inch nozzle be directed against a row of 
forty-eight equidistant |-inch holes in a metal 
or cardboard disk, mounted as in Fig. 350 and 
set into rotation either by hand or by an elec¬ 
tric motor. A very distinct musical tone will 
he produced. Then let the jet of air be directed 
against a second row of forty-eight holes, which 
differs from the first only in that the holes are 
irregularly instead of regularly spaced about 
the circumference of the disk. The musical 
character of the tone will altogether disappear. 

The experiment furnishes a very 
striking illustration of the difference be¬ 
tween a musical sound and a noise. 

Only those sounds possess a musical qual¬ 
ity which come from sources capable of P ulses tlle condition for 
sending out pulses , or waves , at absolutely a musical tono 
regular intervals. Therefore it is only sounds possessing a 
musical quality which may be said to have wave lengths. 

397. Pitch. While the apparatus of the preceding experiment is 
rotating at constant speed, let a current of air be directed first against 
the outside row of regularly spaced holes and then suddenly turned 
against the inside row, which is also regularly spaced but which contains 
a smaller number of holes. The note produced in the e^e will 



Fig. 850. Regularity of 
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be found to have a markedly lower pitch than the other one. Again, 
let the jet of air be directed against one particular row, and let the speed 
of rotation be. changed from very slow to very fast. The note produced 
will gradually rise in pitch. 

We conclude, therefore, that the pitch of a musical note de¬ 
pends simply upon the number of pulses which strike the ear per 
second. If the sound comes from a vibrating body, the pitch of 
the note depends upon the rale of vibration of the body. 

398. Doppler’s principle. When a rapidly moving express train 
rushes past an observer, ho, notices a very distinct change in the pitch 
of the, bell as the engine passes him, the pitch being higher as the engine 
approaches Ilian as it recedes. The. explanation is as follows : The bell, 
of course, scuds out pulses at exactly espial intervals of time. As the 
train is approaching, however, the pulses reach the. ear at shorter inter¬ 
vals than the intervals between omissions, since the train comes toward 
the observer between two successive emissions. Hut as the train recedes, 
the interval between the receipt of pulses by the ear is longer than the 
interval between emissions, since the train is moving away from the ear 
during the interval between emissions. Hence, the pitch of the bell ia 
higher during the approach of the train than during its recession. This 
phenomenon of the change in pitch of a note, proceeding from an ap¬ 
proaching or receding body is known as Doppler's principle. 

399. Loudness. Tlio loudness or intensity of a sound de¬ 
pends upon the rate at whioli energy is communicated by it 
to llie tympanum of the ear. Loudness is therefore determined 
hi/ the distance of the source and the amplitude of its vibration. 

If a givt'ii sound pulse is free to spread equally in all direc¬ 
tions, at a distance of 100 feet from the soureo the same energy 
must be distribute,d over a sphere of four times as largo an 
area as at a distance of 50 foot. lienee under these ideal con¬ 
ditions the intensity of a sound varies inversely as the square 
of the distance from the source. Hut when sound, is confined 
within a tube so that the energy is continually communicated 
from one layer to another of equal area, it will travel to great 
distances with little loss of intensity. This explains the effi¬ 
ciency of speaking tubes and megaphones. 





322 NATURE AND TRANSMISSION ON SOUND 


QUESTIONS AND PROBLEMS 

1. A thunderclap was heard SJ see. after the accompanying light 
ning flash was seen. How far away did the flash occui . 

2 A bullet fired from a rifle with a speed of 1200 ft per seeoud is 
heard to strike the target 6 sec. afterwards. What is the distance to 
the target, the temperature of the air being 20 ° C. ? 

3. A church bell is ringing at a distance of * mi. from one man 
and I mi. from another. How much louder would it appear to tin- 
second man than to the first, if no reflections of the sound took place. { 

4. Explain the principle of the ear trumpet. 

5. The vibration rate of a fork is 2 o(i. hind the wave length of t u- 
note given out by it at 20 ° C. 

6 . A stone is dropped into a well 200 m. deep. At 20° G. how much 
time will elapse before the sound of the splasli is heard at the top { 

7. As a circular saw cuts into a block of wood the. pitch of the note 
given out falls rapidly. Why ? 

8. Since-the music of an orchestra readies a distant hearer without 
confusion of the parts, what may be inferred as to the relative! velocities 
of the notes of different pitch ? 


Reflection, Reenforcement, and Interference 

400. Echo. That a sound wave in hitting' a wall suiters 
reflection is shown by the familiar phenomenon of echo. The 
roll of thunder is due to successive reflections of the original 
sound from clouds and other surfaces which are at different 
distances from the observer. 

In ordinary rooms the walls are so close that the reflected 
waves return before the effect of the original sound on the 
ear has died out. Consequently the echo blends with and 
strengthens the original sound instead of interfering with it. 
This is why, in general, a speaker may be heard so much 
better indoors than in the open air. Since the ear cannot 
appreciate successive sounds as distinct if they come at inter¬ 
vals shorter than a tenth of a second, it will be seen from the 
fact that sounds travels about 113 feet in a tenth of a second 
that a wall which is nearer than about 50 feet cannot possibly 
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produce a perceptible echo. In rooms which are large enough 
to give rise to troublesome echoes it is customary to hang 
draperies of some sort, so as to break up the sound waves 
and prevent regular reflection. 

401. Sound foci. Lot a watch Ik* hung at tlu>. focus of a large con¬ 
cave. mirror. On account of tin* reduction from tin* .surface of tin 1 , mirror 
a fairly well-do.lined Imam of sound will 
be thrown out in front of the mirror, 
so that if both watch and mirror are. 
hung on a single support; and the whole 
turned in different directions toward a 
number of observers, tint ticking will 
he distinctly hoard by those, directly in front of the. mirror, hut not by 
those, at one', side. If a second mirror is hold in the path of this beam, 
as in Fig. dot, the sound may he* again brought to a locus, so that if the 
ear is plae.ed in the focus of this second mirror, or better still, if a small 
funnel which is connected with the. ear by a rubber tube is held in this 
focus, the. ticking of the. watch may sometimes be. heard hundreds of feet 
away. A whispering gallery is a room so arranged 
as to contain such sound foci. Any two opposite 
points a few feet from tin*, walls of a dome, like 
that of St. Peter’s at Rome or St. Paul’s at London, 
are. sulliciently near to such sound foci to make 
very low whispers cm one side', distinctly audible* 
at the*, other, although at intermediate points no 
sound can he heard. 

402. Resonance. Rchoihuico is the rem- 
foroemenl. or inU'.mijmition of wound because 
of the union of divert- and refilled waves. 

Thus let mm prong of a vibrating tuning fork, 
which makes, for example, 512 vibrations per 
second, be*, held over tine mouth of a tube an inch p I( , illustrating 
or so in diameter, arranged as in Fig. 1152, so that resonance 

as the vessel d. is raised or lowered, the height of 

the water in the tube maybe adjusted at will. It will he found that as 
the position of tho water is slowly lowered from the*, top of the tube a 
very marked re,enforcement of the sound will oeeur at a certain point, 
t 







324 NATURE AND TRANSMISSION OF SOUND 


Let other forks of different pitch be tried in the same way. It will 
be found that the lower the pitch of the fork, the lower must be the 
water in the tube in order to get the best reenforcement. This means 
that the longer the wave length of the note which the fork produces, 
the longer must be the air column in order to obtain resonance. 

. We conclude, therefore, that a fixed relation exists between 
the wave length of a note and the length of the air column which 
will reenforce it. 

403. Best resonant length, of a closed pipe is one-fourth wave 
length. If we calculate the wave length of the note of the 
fork by dividing the speed of sound by the vibration rate of 
the fork, we shall find that, in every case, the 
length of air column which gives the best response 
is approximately one-fourth wave length. The 
reason for this is evident when we consider 
that the length must be such as to enable the 
• reflected wave to return to the mouth just in 
time to unite with the direct wave which is at 
that instant being sent off by the prong. Tlius 
when the prong is first starting down from the 
position A (see Fig. 353), it starts the begin¬ 
ning of a condensation down the tube. If this 
motion is to return to the mouth just in time 
to unite with the direct wave sent off by the 
prong, it must get back at the instant that the 
prong is first starting up from the position C. In 
other words, the pulse must go down the tube and batik again 
while -the prong is making a half vibration. This means that 
the path down and back must be a half wave length, and hence 
that the length of the tube must be a fourth of a wave length. 

From tlm above analysis it will appear that there should 
also be resonance if the reflected wave does not return to the 
mouth until the fork is starting back its second time from’ (7, 
that is, at the end of one and a half vibrations instead of a 



U 


Fia. 353. Reso¬ 
nant length of a 
closed pipe in £ 
wave length 
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half vibration. The distance from the fork to the water and 
hack would then he one and a half wave lengths; that is, the 
water surface would he a half wavo length farther down the 
tube than at first. The tube length would therefore now be 
three fourths of a wave length. 


Lei) the. experiment he, tried. A similar response will indeed be 
found, as predicted, a half wave length farther down the tube. This 
response will lx*, somewhat weaker than before, as the, wave has lost 
stunt', of its energy in traveling a long distance through the tube. It 
may be shown in a similar way that there will be resonance where the 
tube length is ", or indeed any odd number of quarter wave lengths. 

404. Best resonant length of an open pipe is one-half wave 
length. lid; t.lin saint*, tuning fork which was used in § d-08 be held in 

front of an open pipe (8 or 10 inches___ 

long) the length of which is made ad- 11_______ 

jnstahle by slipping hack and forth over y 

^ r U r "* Tifll r ' ll "'- r llcsonant length of an 

(I. lit. 8M). It will Im found I,hut For onii ^ , tIl 

particular length this open pipe will re¬ 
spond quite as loudly as did the closed pipe, but the responding length 
mil he. found to he. just tu'le.e. as great us before,. Other resonant lengths 
can he found wlum the tube is made 2 , 8 , etc., times as long. 

Wo learn, thou, that the shortest resonant, length of an open 
pipe is one-half wave, length , and that there is resonance at any 
multiple of a halfwave length. 

The fact that the shortest resonant length of the open pipe* 
is just twice that of the closed one is the experimental proof 
that a condensation, upon reaching the open end of a pipe, is 
relleeted as a rarefaction. This means that when, the lower 
end of the tube of Fig. 3f>8 is open, a condensation, upon 
reaching it suddenly expands. In consequence of this expan¬ 
sion the new pulse which begins at this instant to travel hack 
through the tube is one in which the particles aro moving 
down instead of up; that is, the particles aro moving in a 


direction opposite to that in which the wave is traveling. 
This is always the case in a rarefaction (see Fig. 347). In 
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order then to unite with the motion of the prong this down¬ 
ward motion of the particles must get back to the mouth 
when the prong is just starting down from A the second time; 
that is, after one complete vibration of the prone/. This shows 
why the pipe length is one-half wave length. 

405. Resonators. If the vibrating fork at the mouth of the 
tubes in the preceding experiments is replaced by a train of 
waves coining from a distant source, precisely the same analysis 
leads to the conclusion that the waves reflected from the bottom 
of the tube will reenforce the oncoming waves when the length 
of the tube is any odd number of quarter wave lengths in the 
case of a closed pipe, or any number of half wave lengths in the 
case of an open pipe. It is clear, therefore, that every air cham¬ 
ber will act as a resonator for trains of waves of a certain wave 
length. This is why a conch shell held to the ear is always 
heard to hum with a particular note. Feeble waves which pro¬ 
duce no impression upon the unaided ear gain sufficient, strength 
when reenforced by the shell to become audible. When the air 
chamber is of irregular form it is not usually possible to calcu¬ 
late to just what wave length it will respond, but it is always 
easy to determine experimentally what particular wave length 
it is capable of reenforcing. The resonators on which tuning 
forks are mounted are air chambers which are of just the right 
dimensions to respond to the note given out by the fork. 

406. Forced vibrations; sounding boards. Let a tuning fork 
be struck and held in the hand. The sound will be entirely inaudible 
except to those quite near. Let the base of the sounding fork bo pressed 
firmly against the table. The sound will be found to bo enormously 
intensified. Let another fork be held against the same table. Its sound 
will also be reenforced. In this case, then, the table intensifies the sound 
of any fork which is placed against it, while an air column of a certain 
size could intensify only a single note. 

The cause of the response in the two cases is wholly differ¬ 
ent. In the last case the vibrations of the fork are transmitted 
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through its base to the table top and force the latter to vibrate 
in its own period. The vibrating table top, on aceouift of its 
large surface, sets a comparatively large mass of air into motion 
and therefore sends a wave of great intensify to the ear ; while 
the fork alone, with its narrow prongs, was not able to impart 
much energy to the air. Vibrations like those of the table top 
are calledbeen,use they can be 1 , produced with any fork, 
no matter what its period. Sounding boards in pianos and 
other stringed instruments act precisely as does the table top 
in this experiment; that is, they are. set into forced vibrations 
by any note, of the instrument and reenforce it accordingly. 

407. Beats. Since two sound waves are able to unite so as 
to reenforce each other, it ought also to be possible to make 
them unite so as to interfere with or destroy each other. In 
other words, under the proper conditions the union of two 
Hound# outfit. to ‘produce .sitenee. 

Let two mount'd tuning forks of flit' same pitch ho sot sido by side 1 , 
as in Fig. !5f>r>. Lot the two forks bo. struck in (punk succession with a 
soft mallet, for example, a rubber stopper on the end of a rod. The two 
notes will blend and produce' a smooth, even tom*. Then let a piece of wax 
ov a small coin be stuck to a prong 
of one of the. forks. 'This dimin¬ 
ishes slightly the number of vibra¬ 
tions which this fork makes per -'"Sit. 

1 . ., . .. tun$uurui.. ( : 

HO.e.oim, snuw it uuuvhh<»h its mam 
Again, let tlm two forks be. Hounded K,u - >m - of forks 

together. Flic former smooth tom* m >Ul *' H 

will be replaced by a throbbing or pulsating one. 'Fins is diu*. to the 
alternate, destruction and reinforcement of the. sounds produced by 
the, two forks. This pulsation is called the phenomenon of bents. 

The mechanism of the alternate destruction and reenforce- 
ment may be understood from the following. Suppose that one 
fork makes 25(1 vibrations per second (sec the dotted lineylL' 
hi Fig. 35(1), while the other makes 255 (see the heavy line 
AC). If at the beginning of a given second the two forks 
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are swinging together so that they simultaneously send out 
condensations to the observer, these condensations will of 
course unite so as to produce a double effect upon the ear 
(see A', Fig. 356). Since now one fork gams one complete 
vibration per second over the other, at the end of the second 
considered the two forks A B c 

will again be vibrating A /\f/?f)C^ 
together, that is, sending ’ ” ‘ (; . 

out condensations which A r\ _ A A 

add their effects as before \ / \/Y/ > - \J \j 

(see C). In‘the middle of _ ocrt ,. . ... ( .. ... 

, . J Fig. 356. Graphical illustration of beats 

this second, however, the 

two forks are vibrating in opposite directions (see B) ; that 
is, one is sending out rarefactions while the other sends out 
condensations. At the ear of the observer the union of the 
rarefaction (backward motion of the air particles) produced 
by one fork with the condensation (forward motion) pro¬ 
duced by the other results in no motion at all, provided the 
two motions have the same energy; that is, in the middle of 
the second the two sounds have united to produce silence (see .B 1 ). 
It will be seen from the above that the number of beats per second 
is equal to the difference in the vibration numbers of the two forks. 

To test this conclusion, let more wax or a heavier coin be added to 
the weighted prong; the number of beats per second will be increased. 
Diminishing the weight will reduce the number of beats per second. 

408. Interference of sound waves, by reflection. Let a thin 
cork about an inch in diameter .be attached to one end of a brass or 



Fig. 357. Interference of advancing and retreating trains of sound waves 

glass rod from one to two meters long. Let this rod be clamped firmly 
m the middle, as in Fig._357. Let a piece of glass tubing a meter or 
more long and from an inch to an inch and a half in diameter be slipped 
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over the cork, as shown. Let the end of the rod be stroked longitudi¬ 
nally with a well-resined cloth. (A wet cloth will answer better if the 
rod is of glass.) A loud shrill note will be produced. 

This note is due to the fact that the slipping of the resined cloth over 
the surface of tin', rod sets the. latter into longitudinal vibrations, so that its 
ends impart alternate condensations and rarefactions to the layers of air 
in contact with them. As soon as this note is started the cork dust inside 
the tube will lx*, seen to be. intensely agitated. If the effect is not marked 
at first, a slight slipping of the glass tube forward or back Will bring it out. 
Upon examination it will be seen that the agitation of the cork dust is not 
uniform, but at regular intervals throughout the tube there will be regions 
of complete rest, »q, ti s , ?/ 8 , etc., separated by regions of intense motion. 


The points of rest correspond to the positions in which the 
reflected train of sound waves returning from the end of the 
tube neutralizes the effect of the advancing train passing down 
the tube from &ie vibrating rod. The points of rest are called 


nodes, the intermediate 
portions loops or anti¬ 
nodes. The distance be¬ 
tween these nodes is 011 c 
half wave length, for at 



n a n,, 

Fig. 8G8. Distance between nodes is one half 
wave length 


the instant that the first wave front a x (Fig. 358) reaches the 


end of the tube it is reflected and starts back toward R. Since 


at this instant the second wave front « 2 is just one wave length 
to the left of <t, the two wave fronts must moot each other at 


a point ?i p just one-half wave length from the end of the tube. 
The exactly equal and opposite motions of the particles in the 
two wave fronts exactly neutralize each other. Hence the point 
n t is a point of no motion, that is, a node. Again, at the in¬ 
stant that the reflected wave front a x met the advancing wave 
front a a at n v the third wave front a a was just one wave length 
to the left of n v Lienee, as the first wave front a x continues 
to travel back toward R it meets a % at n„, just one half wave 
length from ??., a,ml produces there a second node. Similarly, 
a third node is produced at « 8 , one half wave length to the 
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left of n v etc. Thus the distance between two nodes must always 
be just one half the wave length of the waves in the tram. 

In the preceding discussion it has been tacitly assumed that the two 
oppositely moving waves are able to pass through each ot erwit ou 
either of them being modified by the presence of the other. That two 
opposite motions are, in fact, transferred in just this manner through a 
medium consisting of elastic particles may be beautifull^shown by the 
following experiment with the row of balls used in § 391. 

Let the ball at one end of the row be raised a distance of, say, 2 inches 
and the ball at the other end raised a distance of 4 inches. Then let 
both balls be dropped simultaneously against the row. The two opposite 
motions will pass through each other in the row altogether without 
modification, the larger motion appearing at the end opposite to that at 
which it started, and the smaller likewise. 

Another and more complete analogy to the condition existiug within 
the tube of Fig. 357 maybe had by simply vibrating one end of a two- or 
three-meter rope, as in 


Fig. 359. The trains of 
advancing and reflected 
waves which continu¬ 
ously travel through each 
other up and down the 
rope will unite so as to form a series of nodes and loops. The nodes at 
c and e are the points at which the advancing and reflected waves arc. 
always urging the cord equally in opposite directions. The distance 
between them is one half the wave length of the train sent down tlje 
rope by the hand. 

QUESTIONS AND PROBLEMS 


Fig. 359. Nodes and loops in a cord 
Black line denotes advancing train; dotted line, 
reflected train 


1. Why do the echoes which are prominent in empty halls often 
disappear when the hall is full of people? 

2 . A gunner hears an echo 5i sec. after he fires. How far away was 
the reflecting surface, the temperature of the air being 20° C. ? 

3. Find the number of vibrations per second of a fork which, at 20° (!., 
produces resonance in a pipe 1 ft. long closed at one end. 

4 . A fork making 500 vibrations per second is found to produce 
resonance in an air column like that shown in Fig. 352, first when the 
water is a certain distance from the top, and again when it is 34 cm. 
lower. Find the velocity of sound. 

5 . Show why an open pipe needs to be twice as long as a closed pipe 
if it is to respond to the same note. 


CHAPTER XVII 

PROPERTIES OF MUSICAL SOUNDS 

Musical Scales 

409. Physical basis of musical intervals. Let a metal or card 
board (lisle 10 or 12 indies in diameter be provided with four concentric 
rows of equidistant holes, the successive rows containing respectively 
24, 110, 80, and -18 holes (Fig. 800). The holes should he about inch 
in diameter and the rows should be about 
I inch apart. Let the disk be placed in the 
rotating apparatus and a constant speed 
imparted. Then let a jet of air be directed, 
as in § 800, against each row of boles in 
succession. It will bo found that the musi¬ 
cal sequence do, vii, sol, do' results. If the 
sliced of rotation is increased, each nobs 
will rise in pitch, but the sequence will 
remain unchanged. 

Wo, learn, therefore., that the muxi- 
eal xe (pum.ee do, mi., Hoi, do 1 eonxixtx of 
no/ox wimxr vibration numberx have the 
ratiox of li l, 80, 80, and 48, that ix, 4, f>, 0, 8, and that tlrix xe- 
tf/tenre ix independent of the absolute vibration numberx of the ton ex. 

Furthermore, when two notes an ootave apart are, sounded 
together, they form the most harmonious combination which if 
is possible to obtain. Those eharactei'isties of notes an ootave 
apart wort*, recognized in the earliest times, long before any¬ 
thing whatever was known about the ratio of their vibration 
numbers. Tim preceding experiment showed that this ratio 
ix the ximplext possible, namely, 24 to 48, or 1 to 2. Again, 
the next easiest musical interval to produce and the next 
881 



Em. 800. Disk for produc¬ 
ing musical sequence do, mi, 
sol , do' 
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most harmonious combination which can be found corre¬ 
sponds to the two notes commonly designated as do, sol. Our 
experiment showed that this interval corresponds to t re next 
simplest possible vibration ratio, namely, 24 to 36, or to 
When sol is sounded with do ! the vibration ratio is seen to be 
36 to 48, or 3. to 4. We see, therefore, that the three simplest 
possible ratios of vibration numbers, namely, 1 to 2, 2 to 3, 
and 3 ’to 4, are used in the production of the three notes 
do, sol, do'. Again, our experiment shows that another har¬ 
monious musical interval, do, mi, corresponds to the vibration 
ratio 24 to 30, or 4 to 5. We learn, therefore, that harmonious 
musical intervals correspond to very simple vibration ratios. 

410. The major diatonic scale: When the three notes do, 
mi, sol, which, as seen above, have the vibration ratios 4, 6, 6, 
are all sounded together, they form a remarkably pleasing 
combination of tones. This combination was picked out and 
used very early in the musical development of the race. It is 
now known as the major chord. The' major diatonic scale is 
built up of three major chords. The absolute vibration number 
taken as the starting point is wholly immaterial, but the ex¬ 
planation of the origin of the eight notes of the octave com¬ 
monly designated by the letters C, I), B, F, G, A, B, C may 
be made more simple if we begin, as above, with a note whoso 
vibration number is 24. If this note is designated by the letter 
C, the two other notes of the first major chord, do-mi-sol , are 
designated by B and G. The second chord is obtained by 
starting from C ! , the octave of C , and coming down in the* 
ratios 6, 5, 4. The corresponding vibration numbers are 48, 
40, and 32, and the corresponding notes, known as do, la, fa, 
are designated by the letters C', A, and F. The third chord 
starts with G as the first note and runs up in the ratios 4, 6, 6. 
The corresponding notes, known as sol, si, re, have the vibration 
numbers 36, 45, and 54, and -are designated by the letters Q, B, 
and Dl It will be seen that the note D’ does not fall in the 
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octave between 0 and C\ for its vibration number is above 48. 
The note D an octave below it falls between C and C' and lias 
a vibration number 27. This completes the eight notes of the 
diatonic scale. The chord do-mi-sol is called the tonic, sol-si-re 
the. dominant, and fa-la-do the subdominant. Below is given 
in tabular form the relations between the notes of an octave. 


.Syllables. . . 


do re mi 

fa 

sol 

la 

si 

do 

betters . . . 


, a i) k 

V 

G 

A 

B 

G 

Relative vibrate 

m numbers . . . 

.2-1 27 80 

82 

80 

40 

45 

48 

Vibration ratios 

in terms of do . 

' if % 

•V 

3 


8 

V 

2 

Absolute vihrati 

on numbers . . 

250 288 820 

84 U 

884 

420 § 

480 

512 


Standard middle 0 forks made for physical laboratories all 
have the vibration number 25(1. In the so-called international 
pilch middle C has 21)1 vibrations, and in con,cert pitch 274. 

411. The even-tempered scale. If 0 is taken as do and a 
scale built up as above, it will be found that six of the above 
notes in each octave can be used in this new key, but that two 
additional ones are required (see table below). Similarly, to 
build up scales, as above, in all the keys demanded by modern 
music would require about fifty notes in each octavo. Hence 
a compromise is made by dividing the octavo into twelve 
equal intervals represented, by the eight white and five black 
keys of a piano. How much this so-called even-tempered scale 
differs from the ideal, or diatonic, scale is shown below. 


Note (' n k /-’ a a n c iy le a* 

DliUonlo .... 25(1 288 520 841J 884 420| 480 512 570 (MO 082.2 768 

IKiitoitlo koy of tl .884 4 3 2 480 512 570 (M0 720 708 

Tempered . . ■ 25(1 287.4 822.7 841.7 888.8 480.7 488.5 512 574.8 (M5.4 083.4 707.0 


VimtATiNu Strings* 

412. Laws Of vibrating strings. Let two piano wires bo stretched 
over a box, or a board with pulleys attached so as to Conn a sonometer 
(Fig. nOl). Let the weights A and 11 be adjusted until the two wires 
*mub exactly the same note. The phenomenon of beats will make It 

* Tills (llmniRSlon should ho followed by a laboratory oxporlmmit on the laws of 
vibrating striugH Hoe, for example, Experiment 41 of the authors’ manual. 
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possible to do this with great accuracy. 'Then let the bridge D be inserted 
exactly at the middle of one of the wires, and the two wires plucked in 
succession. The interval will be recognized at once as do, do'. Next let 
the bridge be inserted so as to make one wire two thirds as long as the 
other, and let the two be plucked again. The interval will be recognized 
as do, sol. 

Now it was shown 
in § 409 that do' has 
twice as many vibra¬ 
tions per second as 
do, and sol has three halves as many. Hence, since the length 
corresponding to do 1 is one half as great as the first length, 
and that corresponding to sol two thirds as great, we conclude 
from this experiment that, other things being equal, the vibra¬ 
tion numbers of strings are inversely proportional to their lengths. 

Again, let the two wires be tuned to unison, and then let the weight 
A be increased until the pull which it exerts on the wire is exactly four 
times as great as that exerted by B. The note given out by the A wire 
will again be found to be an octave above that given out by the B wire. 

We learn, then, that the vibration numbers of similar strings of 
equal length are proportional to the square roots of the, tensions. 

413. Nodes and loops in vibrating strings. Let a string a meter 
long be attached to one of the prongs of a large tuning fork which 
makes in the neighbor¬ 
hood of 100 vibrations /f — IiiiiiiiiIniiiiiIiiiii iiiiiiiiiiiiiiiii 

per second. Let the other | 
end be attached as in the f 

figure, and the fork set JL Fig. 362. String vibrating as a whole 
into vibration. If the fork 

is not electrically driven, which is much to be preferred, it may be 
bowed with a violin bow or struck with a soft mallet. By making the 
tension of the thread, for example, proportional to the numbers 0, 4, 
and 1 it will be found possible to make it vibrate either as a whole, as 
in Fig. 362, or in two or three parts (Fig. 363). 

This effect is due, as explained in § 408, to the interference 
of the direct and reflected waves sent down the string from 
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the vibrating fork. But we shall show in the next paragraph 
that in considering the effects of the vibrating string on 
I he surrounding air we 
shall make no mistake 
if we think of it as 
clamped at each node, 
and as actually vibrat¬ 
ing in two or three or four separate parts, as the ease may be. 

Fundamkntalm and Ovkktonks 

414. Fundamentals and overtones. If the assertion just 
made be correct, then a string which has a node in the middle 
communicates twice as many pulses to the air per second as 
the same string when it vibrates as a whole. This may be 
conclusively shown as follows: 

Let the sonometer wire (Fig. Ml) be. plucked in the. middle, and the. 
pitch of the. corresponding tone, carefully noted. Then let the. linger be 
touched to the middle of the wire, and the latter plucked midway between 
thiH point and the end.'* The octave, of the original note will he dis¬ 
tinctly heard. Next let the linger be touched at a point one third of till', 
wire length from one end, and the wire again plucked. The note will be. 
recognized as sol'. Since we learned in § 410 that sol' has three halves as 
many vibrations as do', it must have three times as many vibrations as the 
original note. Hence a win? which is vibrating in three segments sends 
out three, times as many vibrations as when it is vibrating as a whole. 

Now when a win? is plucked in the middle it vibrates simply 
as a whole, and therefore gives forth the lowest note which it 
is capable of producing. This note is called the fundamental 
of the win?. When the wire is made, to vibrate in two parts it. 
gives forth, as has just, been shown, a note an octave higher 
Mian the fundamental. This is called the firxt overtone. When 
the wire is made to vibrate in three parts it gives forth a note 
corresponding to three times the vibration number of the 
fundamental, namely, mV. This is called the second overtime. 

* It is well to remove the linger almost simultaneously with the plucking. 
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When the wire vibrates in four parts it gives forth the third 
overtone, which is a note two octaves above the fundamental. 
The overtones of wires are often called harmonics. They bear 
the vibration ratios 2, 3, 4, 5, 6, 7, etc., to the fundamental.* 
415. Simultaneous production of fundamentals and overtones. 
We have thus far produced overtones only by forcing the wire 
to remain at rest at certain properly chosen points during the 
bowing. 

Now let the wire be plucked, at a point one fourth of its length from 
one end, without being touched in the middle. The tone most distinctly 
heard will be the fundamental, but if the wire is now touched very 
lightly exactly in the middle, 
the sound, instead of ceasing 
altogether, will continue, but 
the note heard will be an oc¬ 
tave higher than the funda¬ 
mental, showing that in this 
case there was superposed 
upon the vibration of the wire as a whole a vibration in two segments 
also (Fig. 364). By touching the wire in the middle the vibration as a 
whole was destroyed, but that in two parts remained. Let the experi¬ 
ment be repeated, with this difference, that the wire is now plucked in 
the middle instead of one fourth its length from one end. If it is now 
touched in the middle, the sound will entirely cease, showing that when 
a wire is plucked in the middle there is no first overtone superposed 
upon the fundamental. Let the wire be plucked again one fourth of its 
length from one end, and careful attention given to the compound note 
emitted. It will be found possible to recognize both the fundamental 
and the first overtone sounding at the same time. Similarly, by plucking 
at a point one sixth of the length of the wire from one end, and then 
touching it at a point one third of its length from the end, the second 
overtone may be made to appear distinctly, and a trained ear will detect 
it in the note given off by the wire, even before the fundamental is 
suppressed by touching at the point indicated. 

*Some instruments, such as bells, can produce higher tones whose vibration 
numbers are not exact multiples of the fundamental. These notes are still called 
overtones, but they are not called harmonics, the latter term toeing reserved for 
the multiples. Strings produce harmonics only. 



Fig. 364. A wire simultaneously emitting 
its fundamental and first overtone 
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The experiments show, therefore, that in general the note 
emitted by a string plucked at random is a complex one , consist¬ 
ing of a fundamental and several overtones, and that just what 
overtones are present in a given case depends on where and how 
the wire, is plucked. 

416. Quality. Let. the sonometer wire be plucked first in the middle 
and then close to one. end. The two notes emitted will have exactly the 
same pitch, and they may have exactly the same loudness, but they will 
be easily recognized as different in respect to something which wo call 
qualili/. The experiment of the. last paragraph shows that the real phys¬ 
ical difference in the tones is a difference in the sort of overtones which 
are mixed with the. fundamental in the two cases. 

Again, let a mounted C" fork be sounded simultaneously with a 
mounted C fork. The. resultant tone will sound like a rich, full (' 
which will change into a hollow C when the O' is quenched with the 
hand. 

Every one is familiar with tlio fact that when notes of the 
same pitch and loudness are sounded upon a piano, a violin, 
and a comet, the three tones can be readily distinguished. The 
last experiments suggest that the cause of this difference lies 
in the fact that it is only the fundamental which is the same 
in the three cases, while the overtones are different. In other 
words, the characteristic of a tone which we call its quality is 
determined simply by the number and prominence of the over¬ 
tones which are present. If there are few and weak overtones 
present, while the fundamental is strong, the tone is, as a rule, 
soft and mellow, as when a sonometer wire is plucked in the 
middle, or a closed organ pipe is blown gently, or a tuning 
fork is struck with a soft mallet. The presence of compar¬ 
atively strong overtones up to the fifth adds fullness and 
richness to the resultant tone. This is illustrated by the 
ordinary tone from a piano, in which several if not all of the 
first five overtones have a prominent place. When overtones 
higher than the sixth are present a sharp metallic quality 
begins to appear. This is illustrated when a tuning fork is 
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struck or a wire plucked, with a hard body. It is in order to 
avoid this quality that the hammers which strike against piano 

wires are covered, with felt. . 

417. Analysis of tones by the manometric flame. A very 
simple and beautiful way of showing the complex diameter ol 
most tones is furnished by the so-called mmwmrtrU' jhmm. 
This device consists of the following parts: a chamber in Un¬ 
block B (Fig- 3()f>), through which gas is led by way of the 
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tubes C and JD to the flame F\ a second chamber in the block 
A, separated from the flrst chamber by an elastic, diaphragm 
made of very thin sheet rubber or paper, and communicating 
with the source of sound through the tube M and trumpet G ; 
and a rotating mirror M by which the flame is observed. When 
a note is produced before the mouthpiece G the vibrations of 
the diaphragm produce variations in the pressure of the gas 
coming to the flame through the chamber in li, so that when 
condensations strike the diaphragm the height of the flame is 
increased, and when rarefactions strike it the height of the 
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flame is diminished. If these up-and-down motions of the flame 
are viewed in a rotating mirror, the longer and shorter images 
of the flame, which correspond to successive intervals of lime, 
appear side by side, as in Fig. o(i(5. If a rotating mirror is not 
to be had, a piece of ordinary mirror glass held in the hand 
and oscillated back and forth about a vertical axis will be 
found to give perfectly satisfac¬ 
tory results. 


First let the mirror hi', rotated 
when no note is sounded before, the 
mouthpiece. There, will be. no fluc¬ 
tuations in the llame, and its image, 
as seen in the. moving mirror, will 
be a straight band, as shown in 3, 
Fig.!}(!(). Next lot a mounted (■ fork 
be sounded, or some other simple 
tone, produced in front of (}. The. 
image in the mirror will be that 
shown in ?!. Then let another fork 
( u he sounded in place of the ('. The 
image will hi* that shown in 4. The 
images of the llame are now twice as 
(dose together as before, since tin* 
blows strike the. diaphragm twice as 
often. Next let the open ends of the 


umtmiMtuui 

limmmmmim 

ddddddddddddtl 

L HidduiuhdduluL ( 

// 4 , 4 


Fig. 800. Vibration forms shown 
by manometric llames 


resonance boxes of the two tuning forks C and ('■' lie, held together in 
front of (.1. The imago of tlm ilame will lie as shown in ft. If the vowel 
a be. sung in the pitch Jib before the mouthpiece, a figure exactly similar 
to ft will be produced, thus showing that this last mite is a complex, 
consisting of a fundamental and its first overtone. 


The proof tlml most other tones are likewise complex lies 
in the fact that when analyzed by the manometric llame they 
show figures not like H and 4, which correspond to simple 
tones, but like 5, (>, and 7, which may be produced by Hounding 
combinations of simple tones. In the figure, 0 is produced 
by singing the vowel e on C "; 7 is obtained when 0 is sung 







340 


PROPERTIES OK MUSICAL SOUNDS 


418. Helmholtz’s experiment. If the loud pedal on a piano is hold 
down and the vowel sounds on, l, Ft, ah, t\ sung loudly into the strings, 
those vowels will he caught up and returned hy the instrument with 
sufficient fidelity to make. the. (diked- almost uncanny. 

It was by a method which may be considered as merely a 
refinement of this experiment that Helmholtz proved conclu¬ 
sively that quality is determined simply by the number and 
prominence of the overtones which are blended with the fun¬ 
damental. He first constructed a largo number of resonators, 
like that shown in Fig. 8(17, each of which would respond to 
a note of some particular pitch. Hy holding these resonators 
in succession to his car while a musical note was sounding, he 
picked out the constituents of the note; that is, ho found out 
just what overtones were present and what 
were their relative intensities. Then he put 
these constituents together and reproduced 
the original tone. This was done by sound¬ 
ing simultaneously, with appropriate loud¬ 
ness, two or more of a whole series of tuning Uohn- 

forks which had the vibration ratios 1, 2, 8, uwonaim 

4, 5, 0, 7. Tn this way he succeeded not only in imitating the 
qualities of different musical instruments, but even in repro¬ 
ducing the various vowel sounds. 

419. Sympathetic vibrations. Let. two mounted tuning forks of 
the same pitch bo placed with tins open, ends of their resonators facing 
each other. Let one be act into vigoroua vibration with a ho ft mallet 
and then quickly quenched by graaping the prongs with bins hand. 
The other fork will be, found to be Hounding loudly enough to bo heard 
over a largo room. Next let a penny be waxed to one prong of the sec¬ 
ond fork and tlio experiment repeated. When the sound of the first 
fork is quenched, no sound whatever will be found to be coming from 
the second fork. 

The experiment illustrates the phenomenon of si/mpathetia 
vibrations and shows what conditions are essential to its appear¬ 
ance. If two bodies capable of emitting musical notes have 








Mi'.it.uA.-N.-s i-niwic r i:n111 n an11 von 11 ki.miioi.t/ (|H2I 1 H(l-1 ) 

Nolcd (ii'i'innn physicist ami physiologist ; professor of physiology ami ana 
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!K71Ih I HIM ; published in IK 17 a famous paper ua I lie I'onscrval ion nl' energy , a 
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exactly the same natural period of vibration, the pulses com¬ 
municated to the air when one alone is sounding, beat upon the 
second at intervals which correspond exactly to its own natu¬ 
ral period. Each pulse therefore adds its effect to that of the 
preceding pulses, and though the effect due to a single pulse 
is very slight, a great number of such pulses produce a large 
resultant effect. In the same way a large number of very feeble 
pulls may set a heavy pendulum into vibrations of considerable 
amplitude if the pulls come at intervals exactly equal to the 
natural period of the pendulum. On the other hand, if the 
two sounding bodies have even a slight difference of period, 
the effect of the first pulses is neutralized by the effect of suc¬ 
ceeding pulses as soon as the two bodies, on account of their 
difference in period, get to swinging in opposite directions. 

Let notes of different pitches be sung intd a piano when the dampers 
are lifted. The-wire which has the pitch of the note sounded will in 
every case respond. Sing a little off the key and the response will cease. 

420. Sympathetic vibrations produced by overtones. It is 

not essential, in order that a body may be set into sympathetic 
vibrations, that it have the same pitch as the sounding body, 
provided its pitch corresponds exactly with the pitch of one of 
the overtones of that body. 

Thus, if the damper is lifted from the C string of a piano and the 
octave below, C v is sounded loudly, C will be heard to sound after C\ has 
been quenched by the damper. In this case it is the first overtone of C x 
which is in exact tune with C, and which therefore sets it into sympa¬ 
thetic vibration. Again, if the damper is lifted from the G string while 
C x is sounded, this note will be found to be set into vibration by the 
second overtone of C v A still more interesting case is obtained by remov¬ 
ing the damper from E while C x is sounded. When C 1 is quenched, the 
note which is heard is not E, but an octave above E ; that is, E'. This is 
because there is no overtone of C x which corresponds to the vibration of 
E\ but the fourth overtone of C v which has five times the vibration num¬ 
ber of C v corresponds exactly to the vibration number of E', the first 
overtone of E. Hence E is set into vibration not as a whole but in halves. 
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421. Physical significance of harmony and of discord. Lot, two 
pieces of glass tubing about an inch in diameter and a foot and a hall 
long bo supported vertically, as shown in Kig. IMS. Let two gas jets, 
made by drawing down pieces of one-fourth inch glass tubing until, with 
Full gas pressure, the Haute is about an inch long, be thrust inside these 
tubes to a height of about three, or four inches from the bottom. Let. 
the. gas bo turned down until the tubes begin to sing. Without attempt¬ 
ing to discuss tin*, part which the. flame playH in the production of the. 
Hound, we wish simply to call attention to the fact 
that the. two tones are either quite in unison, or so 
near it that but a few beats are produced per second. 

Now let the. length of one. of the tuhcH be Hlightly 
increased by slipping the paper cylinder S up over 
its end. The number of heats will he rapidly in¬ 
creased until they will become indistinguishable as 
separate bcatH and will merge, into a jarring, grat 
ing discord. 

The, experiment teaches that dixoord ix xun- 

pljl a phrrummwn of bvatx. If the vibration 

numbers do not differ by more than live or 

six, that is, if there are not more', than live. 

or six: heats per second, the effeet is not par- 

tieularly unpleasant. From this point on, 

however, as the difforoneo in the vibration 

numbers, and -therefore in the number of ,, „ i(U ... , , 

Km..ids. UluHtmi 

heats per second, increases, the unpleasant- j UK (lie production 
ness increases, and bee,ernes worst at a differ- of discords 
cnee of about thirty. Thus the notes Ii and 
(■\ which differ by about thirty-two beats per second, produce 
about the worst possible discord. When the vibration numbers 
differ by as much as seventy, which is about the difference 
between C and /?, the effeet is again pleasing or harmonious. 
Moreover, in order that two notes may harmonize well, it is 
necessary not only that the notes themselves shall not pro¬ 
duce an unpleasant number of beats, but also that such beats 
shall not aviso from their overtones. Thus (,' and H are very 
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discordant, although they differ by a large number of vibra¬ 
tions per second. The discord in this case arises between Ji 
anti O', the lirst overtone of (■. 

Again, there are certain classes of instruments, of which bells 
are a striking example, which produce insufferable discords 
when even such notes as do, no l, do', are sounded simultaneously 
upon them. This is because these instruments, unlike strings 
and pipes, have overtones which arc not harmonics, that is, 
which aro not multiples of the fundamental; and these over¬ 
tones produce beats either among themselves or with one of 
the fundamentals. It is for this reason that in playing chimes 
the bells arc 1 , struck in succession, not simultaneously. 

QUESTIONS AND PROBLEMS 

1. At what point must the. (,\ string ho pressed by the finger of the 
violinist in order to produce the note (■’( 

2. 1 £ one wire lias twice the length of another and is stretched by four 
times tilts stretching force, how will their vibration numbers compare? 

3. A wire gives out the nob! What is its fourth overtone.? 

4. What is the wave length of middle (■ when the speed of wound is 
1152 ft;, per second? 

5. What is the pitch of a note whoso wave length is 5/1 in., the. speed 
being 1152 ft. per second ? 

6. If middle (J had 300 vibrations per second, how many vibrations 
would F and A have? 

7. What is the fourth overtone of (7? the fifth overtone? 

8. A wire gives out the note C when the tension on it is 4 kg. What, 
tension will bo required to give out the note G'i 

9. A wire 50 cm. long gives out 400 vibrations per second. Ilow 
many vibrations will it give when tlm length is reduced to 10 cm. ? What 
syllable will represent this note if da represents the first note? 

10. There arc seven octaves and two notes on au ordinary piano, the 
lowest note being and the highest one (J"". If the vibration number 
of the lowest note is 27, iind the vibration number of the highest. 

11. Find the wave length of the lowest note on the piano; the wave 
length of the highest note. ('Fake the spinal of sound in air as 1130 ft. 
per second.) 

12. A violin string is commonly bowed about one seventh of its length 
from one end. Why is this better than bowing in the middle? 
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Wind Instruments 

422. Fundamentals of closed pipes. Let, a tightly ill-t-ing rubier 
stopper bo inserted in a glass tube a (Fig. Mi'.)), eight, or tea iuehes long 
and about three fourths of au iuc.h in diameter. Let, the stopper be 
pushed along the tube until, when a vibrating (fork is held bet on* the 
mouth, resonance is obtained as in § •1012. (The length will be six or 
seven inches.) 'Then let the fork be. removed and a stream of air blown 
across the month of the tube through a piece of 
tubing h, flattened at one end as in the figure.* 

The pipe will be found to emit strongly the 
note of the fork. 

Tu every ease it is found that a note 
which ti pipe nifty be made to emit is 
always a note to whieh it is able to re¬ 
spond when used as a rest mu,tor. Since, 
in § 403, the best resominee was found 

when tlio wave length given out by the 

. , » .. , n r lumMSl. Musical uof.es 

fork was four times the length of the r mm 

pipe, wo learn that when a current, of air 
h mitairft/ directed arrow the mouth of a eloxed pipe, it wilt emit 
a note ivhieh has a wave leui/thfour time* the leapt h of the pipe. 
Tins note is eailed th (s fundamental of the pipe. It is the lowest 
note whieh the pipe can be made to produce. 

423. Fundamentals of open pipes. Since we found in § 404 
that the lowest note to whieh a pipe open at the lower end can 
rospond is one the wave length of which is twice the pipe 
length, we infer that an open pipe when suitably blown ought 
to emit a note the wave length of which is twice the pipe length. 
This moans that if the same pipe is blown first when (dosed at 
the lower end and then when open, the first note ought to bo 
an octavo lower than the second. 

*I£ the arrangement of Fig, 3fif) is not at hand, simply blow with the lips across 
the edge of a piece of ordinary glass tubing wltldu which a rubber stopper may 
be pushed back aud forth. 
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Let the pipe a (Fig. 3G0) be closed at the bottom with the hand and 
blown; then let the hand be removed and the operation repeated. The 
second note will indeed be found to be. an octave higher than the first. 

We learn, therefore, that the fundamental of an open pipe 
has a wave length equal to twice the pipe length. 

424. Overtones in pipes. It was found in § 403 that there 
are a whole series of pipe lengths which respond to a given 
fork, and that those lengths hear to the wave length of the 
fork the ratios •£, [p etc. This is equivalent to saying that 
a closed pipe of fixed length can respond to a whole series of 
notes whose vibration numbers have the ratios 1, 3, 5, 7, etc. 
Similarly, in § 404, we found that in the ease', of an open pipe 
the series of pipe lengths which will respond to a given fork 
boar to the wave length of the fork the ratios |, |, 4, etc. 
This again is equivalent to saying that an open pipe can re¬ 
spond to a series of notes whose vibration numbers have the 
ratios 1, 2, 8, 4, 5, etc.. Hence we infer that it ought to be 
possible to cause both open and closed pipes to emit notes of 
higher pitch than their fundamentals, that is, overtones, and 
that the first overtone of an open pipe should have twice the 
rate of vibration of the fundamental, that is, that it should bo 
do', the fundamental being considered as do; that the second 
overtone should vibrato three times as fast as the fundamental, 
that is, it should be nol' ; that the third overtone should vibrato 
four times as fast, that is, it should be do" ; that the fourth 
overtone should vibrate five times as fast, that is, it should be 
mi", etc. In the ease of the cloned pipe, however, the first 
overtone should have a vibration rate three times that of the 
fundamental, that is, it should be noV ; the second overtone 
should vibrate five times as fast, that is, it should be mi", ole¬ 
in other words,'while an open pipe ought to give forth all the 
harmonies, both odd and even, a closed pipe ought to pro¬ 
duce the odd harmonies, but be entirely incapable of producing 
the even ones. 
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Let iho, pipe, of Fi^. ii(50 be. blown no an U> product' the fiindanu>nt.al 
when the lower end in open. Then let- the. strength of the air blast. bo 
increased. The. note will b<*. found to spring to t !<>'. By blowing still 
harder it will -spring to so/', and a still further increase will probably 
bring out do". When the lower end is closed, however, the first overtone, 
will be found to be sol' and the next one mi", just as our theory demands. 

425. Mechanism of emission of notes by pipes. A musical 
note is produced l\y blowing across the mouth of a pipe, because 
the jot of air vibrates back and forth across the lip in a period 
which is determined wholly by the natural resonance period of 
the pipe. Thus suppose that the jet if ( Fig. B70) iirst. strikes 
just inside the edge or Up of the pipe. A eundensut ionat pulse 
starts down the pipe. When it returns to the 
mouth after reflection at the closed end if 
pushes the jet outside, flu; lij>. 'Plus starts a 
rarefaction down the pipe, which, after return 
from the lower cud, pulls the jet in again. 

There are thus scud; out in to the room regu¬ 
larly timed pull’s the period of which is con¬ 
trolled. by the reliedcd pulses coming hack 

from the lower cud; that is, by the natural .bo. \ ilmu 
. , .. , . mg air jet 

resonance period of (.lie pipe. 

By blowing more violently it is possible to create, by virtue 
of the friction of the walls, so great and so sudden a compres¬ 
sion in tlm mouth of the pipe that the jet is forced out over 
the edge before the return of the first reflected pulse. In this 
case no note will be produced unless the blowing is of just 
the right intensity to cause, the jet to swing out in the period 
corresponding to an overtone. In this case the reflected pulses 
will return from the end at just the right intervals to keep the 
jet swinging in this period. This shows why a current, of a par¬ 
ticular intensity is required to start any particular overtone. 

Another way of looking at the matter is to think of the 
pipe as being filled up with air until the pressure within it is 
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great enough to force the jet outside the lip, upon which a 
period of discharge follows, to be succeeded in turn by 
another period of charge. These periods are controlled by the 
length of the pipe and the violence of the blowing precisely 
as described above. 

With open pipes the situation is in no way different save 
that the reflection of a condensation as a rarefaction at the 
lower end makes the natural period twice as high, since' the 
pipe length is now one-half wave length instead of one-fourth 
wave length (see § 404). 

426. Vibrating air-jet instruments. The mechanism of the production 
of musical tones by the ordinary organ pipe, the flute, the fife, the. 
piccolo, and all whistles is essentially the same as in 
the case of the pipe of Fig. 370. In all these instru¬ 
ments an air jet is made to play across the edge of an 
opening in an air chamber, and the reflected pulses 
returning from the other end of the chamber cause it 
to vibrate back and forth, first into the chamber and 
then out again. In this way a series of regularly 
timed ]niffs of air is made to pass from the instru¬ 
ment to the ear of the. observer precisely as in the 
ease of the. rotating disk of § 30(1. The air chamber 
may he cither open or closed at the. remote end. In 
the flute it is open, in whistles it is usually dosed, 
and in organ pipes it may he either open or closed. 

Fig. 371 shows a cross section of two types of organ 
pipes. The jet of air from S vibrates across the lip 
L in obedience to the pressure exerted on it by waves 
reflected from <). Pipe, organs are provided with a 
different pipe for each note, hut the flute, piccolo, or 
fife is made, to produce a whole series of notes, either by blowing over¬ 
tones or by opening holes in the tube, an operation which is equivalent 
to cutting the tube off at the hole. 

427. Vibrating reed instruments. In reed instruments the vibrating 
air jet is replaced by a vibrating reed or tongue which opens and closes, 
at absolutely regular intervals, an opening against which the performer 
is directing a current of air. In the clarinet, the oboe, the bassoon, etc., 
the reed is placed at the upper end of the tube (sec l, Fig. 372), and the 
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theory of its opening and closing the orifice so as to admit successive 
puffs of air to the pipe is identical with the theory of the fluctuation of 
the air jet into and out of the organ pipe. For in 
these instruments the reed has practically no rigidity 
and consequently no natural period. Hence its vibra¬ 
tions are controlled entirely by the reflected pulses. 

In other reed instruments, like the mouth organ, 
the common reed organ, or, the accordion, it is the 
elasticity of the reed alone (see s, Fig. 373) which 


Fig. 372. Mouth¬ 
piece of a clari¬ 
net, showing the 
tongue l, which 
opens and closes 
the upper end of 
the pipe 



\e, 

Pig. 373. The vibrating tongue of the 


mouth organ, accordion etc. 



controls the emission of pulses. In such instruments there is no necessity 
for air chambers. The arrows of Fig. 373 indicate the direction of the 


air current which is interrupted as the reed vibrates 
between the positions z x and z 2 . 

In still other reed instruments, like the reed pipes 
used in large organs (Fig. 374), the period of the 
pulses is controlled partly by the elasticity of the reed 
and partly by the return of the reflected waves; in 
other words, the natural period of the reed is more or 
less coerced by the period of the reflected pulses. 
Within certain limits, therefore, such instruments may 
be tuned by changing the length of the vibrating reed 
1 without changing the length of the pipe.' This is 
done by pushing the wire r up or down. 

428. Vibrating lip instruments. In instruments of 
•the bugle and cornet type the vibrating reed is replaced 
by the vibrating lips of the musician, the period of 
their vibration being controlled, precisely as in the 
organ pipe or the clarinet, by the period of the return¬ 
ing pulses. In the bugle the pipe length is fixed, and 
hence the only notes of which such an instrument is 
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capable are the fundamental and about live overtones. In the cornet 
(Fig. ;i7r>) and in most forms of horns, valves a, h, c, worked by the. fullers 
vary the length of tin 1 pipe, and lienee such instruments can produce as 
many serif's of funda¬ 
mentals and overt,ones as 
there are possible, tube 
lengths. In the trombone 
the variation of pitch is 
accomplished by blowing 
overtones and by chang¬ 
ing the tube length by a 
sliding portion. 

429. The phonograph. Fl(i . ^ h() own , ot 

In the original lorm of 



the phonograph the soundwaves, collected by the cone, are carried to a 
thin metallic disk (7 (Fig. 157(1), exactly like a telephone diaphragm, 
which takes up very nearly the vibration form of the wave which strikes 
it. 'This vibration form is permanently impressed on the wax-coated 


cylinder 71/by means of a stylus I) which 
is attached to the hack of the disk. When 
the stylus is run a second time over the 
groove which it first made in the wax, it 
receives again and imparls to the, disk the 
vibration form "which first fell upon if. 

In the. most familiar of the. modern 
forms of the phonograph (gramophone, 
etc.) the needle, point; 

(\ instead of digging" 
a groove in wax, vi¬ 
brates buck and forth 
(see Fig. !577) over 
a greased zinc disk. 

This wavy truce in 




the disk is etched out. with chromic acid. Thou a copper mold is made 
by the elecfrot.yping process, and as many as a thousand facsimiles of 
the original wavy line are impressed on hard rubber disks by beat and 
pressure. When the needle is again run over the disk, it follows along the 


wavy groove and transmits to the diaphragm (' vibrations exactly like 
those which originally fell upon it. Spoken words, vocal and orchestral 
music,are reproduced in pitch,loudness,and quality with wonderful exact¬ 
ness. This instrument is one of the many inventions of Thomas Edison, 
t 
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QUESTIONS AND PROBLEMS 

1. What will be the relative lengths of a series of organ pipes which 
produce the eight notes of a diatonic scale ? 

2. What must be the length of a closed organ pipe 'which produces 
the note E? (Take the speed of sound as 340 in. per second.) 

3. Will the pitch of a pipe organ be the same in summer as on a 
cold day in winter ? What could cause a difference ? 

4. What is the first overtone which can be produced in an open < 1 
organ pipe ? 

5. What is the first overtone which can be produced by a closed 
C organ pipe? 

6 . Explain how an instrument like the bugle, which has an air 
column of unchanging length, may be made to produce several notes 
of different pitch. 

7. When water is poured into a deep bottle, why does the pitch of 
the sound rise as the bottle fills ? 

8 . Why is the quality of an open organ pipe different from that of 
a closed organ pipe ? 

9. The velocity of sound in hydrogen is about four times as grout 
as it is in air. If a U pipe is blown with hydrogen, what will be the 
pitch of the note emitted ? 

10. What effect will be produced on a phonograph record made with 
the instrument of Fig. 377 if the loudness of a note is increased? if 
the pitch is lowered an octave ? 


CHAPTER XVIII 


NATURE AND PROPAGATION OF LIGHT 
Transmission oir Light 

430. Speed of light. Before the year 1.075 light was thought 
to pass instantaneously from the source to the observer. In 
that year, however, Olaf Roemer, a young Danish astron¬ 
omer, made, the following observations. lie had observed 
accurately the instant at which one of Jupiter’s satellites M 
( Fig. 878) passed into 
J upiter’s shadow when 
the earth was at K , 
and predicted, from the 
known mean time be¬ 
tween such eclipses, the 
exact instant at which 
a given eclipse should 
occur six months later 
when the earth was 
at K'. If actually took 
place Id minutes 8(5 
seconds (99(5 seconds) later. He concluded that the 99(5 
seconds’ delay represented the time required for light to 
travel across the earth’s orbit, a distance known to be about 
180,000,000 miles. The most precise of modem determinations 
of the speed of light are made by laboratory methods. The 
generally accepted value, that of Michel son, of The University 
of Chicago, is 299,860 kilometers per second. It is sufficiently 
correct to remember it as 800,000 kilometers, or 186,000 miles, 
as i 
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Though this speed would carry light around the earth TA times 
in a second, yet it is so small in comparison with interstellar 
distances that the light which is now reaching the earth from 
the nearest fixed star, Alpha Oentauri, started -1.4 years 
ago. If an observer on the pole star had a telescope powerful 
enough to enable him to see events on the earth, he would not 
see the battle of Gettysburg (which occurred in duly, 18113) 
until January, 1.018. 

Both Foucault in Franco and Mioliolson in America have 
measured directly the velocity of light in wafer and have 
found it to be only three fourths as great as in air. It will be 
shown later that in all transparent liquids and solids if is less 
than it is in air. 


431. Reflection of light.* Let a beam of sunlight lx* admitted to 
a darkened room through a narrow slit. Tho straight path of the beam 


will bo rendert'd viaiblo by the brightly illumined (hist pm-tielos sus¬ 
pended in tho air. Lot the. beam fall on the surface of a mirror. Its 
direction will bo stum to bo sharply 


changed, as shown in Fig. .‘170. Loti 
tho mirror be hold so that it is per¬ 
pendicular to the beam. Tho Imam will 
bo seen to bo reflected directly back 
on itself. Let the mirror be turned 
through an angle of 4r>°. The reflected 
beam will move through 00°. 

The experiment shows roughly, 
therefore, that the angle IOP, be¬ 
tween the incident beam and the 



Fiu. 879. Illustrating law of re¬ 
flection of light 


normal to the mirror, is equal to flic angle FOR between the re¬ 
flected beam and the normal to tho mirror. The first angle, IOP, 
is called tho angle of incidence, and the second, /’G/f, the angle of 
reflection. Hence tho law of tho reflection, of light may be stated 
thus: The angle of reflection in equal to the angle of incidence. 


•An exact laboratory experiment on the law of reflection should cither precede 
or follow this discussion. See, for example, Experiment 42 of the authors' manual. 
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432. Diffusion Of light. Til the last experiment the light was 
reflected by a very smooth plane surface. Let the beam be now allowed 
to fall upon a rough surface like that of a sheet of unglazed white paper. 
No rebooted beam will he. seen; but, instead, the whole room will be 
brightened appreciably, so that the outline of objects before invisible 
may be plainly distinguished. 

The beam has evidently boon scattered in all directions by 
the innumerable little, reflecting surfaces of which the sur¬ 
face of the paper is composed. The effect will be much more 
noticeable if the 
beam is' allowed 
to fall alternately 
on a piece of dead 
black e,loth and on 
Liu, wliiUi paper. p< "- 880 ' '“ ul im «" I,lr rcfteti »" 

The light is largely absorbed by the cloth, while it is scattered 
or diffusely refected by the paper. The difference between a 
smooth reflector and a rough one is illustrated in greatly 
magnified form in Fig. 380. 

433. Visibility of nonluminous bodies. Every one is familiar 
with the fact that certain classes of bodies, snob as the sun, a 
gas flame, etc., are self-luminous, that is, visible on their own 
account; while other bodies, like books, chairs, tables, etc., can 
be seen only when they are in the presence of luminous bodies. 
The, above experiment shows bow sueli nonluminous, diffusing 
bodies become visible in the presence of luminous bodies. For, 
since a diffusing surface scatters in all directions the light which 
falls upon it, each small element of such a surface is sending 
out light in a great many directions, in much the same way in 
which each point on a luminous surfaeo is sending out light in 
all directions, lienee we always see the outline of a diffusing 
surface as wc do that of an emitting surface, no matter where 
the eye is placed. On the other band, when light comes to 
the eye from a polished reflecting surface, since the form of 
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the beam is wholly undisturbed by the relleetiou, we see the 
outline hot of the mirror but rather of the souree from which 
the light came to the mirror, whether this source is itself self- 
luminous or is only acting, because of its light-scattering 
power, like a self-luminous source.. Points on the mirror which 
are. not in'line with this source can send no light whatever to 
the eye. lienee the mirror itself must be invisible. The fact 
that one often runs info a large mirror or plate-glass window 
is suHieient continuation of flu* truth of flu 1 statement, that 
neither a perfect reflector nor a perfectly transparent body is 
' itself visible. All bodies other than self-luminous ones art 1 
visible only by the light which they diffuse. Black bodies scud 
no light to the eye, hut. their outlines can be. distinguished by 
the light which comes from tin*, background. Any object which 
turn he xtrn, therefore, may be- regarded us itself sending rays 
to the (‘ye.; that, is, it. may he treated as a luminous body. 

434. Refraction. Let. a narrow beam of sunlight, he allowed to fall 
on a thick glass plate with a polished front and whitened hack* ( Rig. dSl). 
It will bo seen to split, into a ro¬ 
ll oe.tod and a transmitted portion. 

Tho transmitted portion will he 
sce.n to bo boat; toward the per¬ 
pendicular OP drawn into the 
glass. Upon emergence into the 
air it will he bent again, but this 
time away from the perpendicu¬ 
lar O'P' drawn into the air. Lot 
the incident beam strike the sur¬ 
face at different angles, lb will be 
seen that the greater the angle of in¬ 
cidence the greater the bending. At 
normal incidence there will be no bending at all. If the upper and lower 
faces of the glass are parallel, the bending at the two faces will always ho 
the same, so that tho emergent beam is parallel to the incident beam. 

* AH of those experiments ou reflection ami refraction may lie (lone effectively 
and conveniently by using disks of glass, like those used with tho ttartl Optical 
Disk, through which the beam can he traced. 



Rrci. UH1. Path of a ray through a me¬ 
dium bounded liy parallel faces 
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Similar experiments made with other substances have 
brought out the general law that whenever li.yht travel « obliquely 
from one medium into another in which the speed is In w, it is bent 
toiva.nl the perpendicular, and when it passes from one medium to 
another in whie.h the speed is (/renter, A 

it is bent away from the perpendie- J • B 

ular drawn into the seeond ■medium . / 

435. Total reflection; critical - > -^§§l§! 

angle. Sine.e rays emerging from if/y'\ 
a medium like water into one of ’ j !, 

less density like air are always 

bent, from the perpendicular (see Fm. 882. Rays coming from a 

HA, A/;, ,,t,s Fig. 88S), it, is clear ■""» 1 

, ° ' boundary between air and water 

that ii the angle of incidence on , lt different angles of incidence 
the under surface of the water is 

made larger and larger, a point must be reached at which the 
refracted ray is parallel to the surface (see In(J, Fig. 882). It 
is interesting to impure what will happen to a ray Io whieh 
strikes the surface at a still greater angle, of incidence JoJ* 1 . 
If will not be unnatural to suppose that since the ray nC just 
grazed the surface, the ray Jo will 
not he able to omergo at all. The 1 2 

following experiment will show that °Jimk ' 

this is indeed the case.. 


Lot a prism with throe polished edges, / \ 

a polished front, and a whitened hack he ^ \ 

held in the path of a narrow beam of sun- 

light, as shown in Fig. 888. If the angle Fin. 888. Transmission and 
of incidence U\P is small, the beam will velleotiou of light at surface 
divide at 0 into a refloated and a tram- A B of a right-angled prism 
mitted portion, the former going to ,S", 

tins latter to S (neglect the color for the present). Let the prism be 
rotated slowly in the direction of the arrow. A point will he reached 
at whieh the transmitted beam disappears completely, while at the same 
time the spot at S' shows an appreciable increase in brightness. Since 
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the transmitted ray OS has totally disappeared, the whole of the light 
incident at 0 must be in the reflected bourn. '1 lie angle ot meuletiee 
10P at which this occurs is called the cntiml unfe. 1 his angle Un¬ 
crown glass is 42.5°, for water 48.5", for diamond 23.7'. 

We learn then that when a ray of li/jht trareUny^ in ani/ 
medium meets another in which the xyeed is yrenter , it ix totally 
reflected if the anyle of incidenee, is yreater than a certain anyle 
called the critical am/le. 



QUESTIONS AND PROBLEMS 

1. Sirius, the brightest star, is about .12,000,000;000,(M0 miles away. 

' If it were suddenly annihilated, how long would it shine on for na? 

2. In Fig. 384 the portion uetlh of tin- shadow is called the umbra, 
the portions nec and bdf the penumbra. hat 
kind of a source has no penumbra? 

3. If the opaque body in Fig. 381 is moved 
nearer to the screen (f how does the penumbra 
change ? 

4. The sun is much larger than the earth. 

Draw a diagram showing the shape of the 
earth’s umbra and penumbra. 

5. The diameter of the moon is 2000 miles, 
that of the sun 800,000 miles, and the sun is 
93,000,000 miles away. What is the length of 
the moon’s umbra? 

6. Will it ever bo possible for the moon to 
totally eclipse the sun from the whole of the earth's surface at once? 

7. If the distance from the renter of the earth to the center of the 
moon were exactly equal to the length of the moon's umbra, over how 
wide a strip on the earth’s surface would the sun be totally eclipsed at 
any one time ? 

8. Why is a room with white walls much lighter than a similar 
room with black walls? 

9. If the word "white" he painted with while paint (or whiting 
moistened with alcohol) across the face of a mirror and held iti the path 
of a beam of sunlight in a darkened room, in the middle tif the spot, on 
the wall which receives the reflected beam the. word " white " will appear 
in black letters. Explain. 

10. Look at the reflected image of an electric-light filament iu a 
piece of red glass. Why are there two images, one red and one white? 


Km. 3H4. Slnulow from 
a broad source 
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11 . The. earth reflects sixteen times as much light to the moon as the 
moon does to the earth. Trace from the sun to the eye of the observer the 
light by which he is able to see the dark part of the new moon. Why 
can we not sec the dark part of a third- 
quarter moon? 

12. If a penny is placed in the bottom 
of a vessel in such a position that, the edge 
just hides it from view (Fig. 3Sfi), it will 
become visible as soon as wafer is poured 
into the vessel. Explain. 

13. A stick held in water appears bent, as shown in Fig. 380. Explain. 

14. Should a man who wishes to spear a fish aim high or low? 

15. A glass prism placed in the position shown in Fig. 387 is the 
most perfect reflector known. Why is it better than an ordinary mirror? 



Fio. 88fi 



16. What is the principal reflecting medium in an ordinary mirror? 

17. Explain why a straight wire seen obliquely through a piece of 
glass appears broken, as in Fig. 388. 

18. In what direction must a fish look in 
order to see the setting sun? (See Fig. 3Hi).) 


•Fio. 800. Luxfer 
prism gluHS 



Fio. 880. To an eye under water all oxlevnal ob¬ 
jects appear to lie within a emus whoso angle is 07° 


19. Fig. 300 represents a section of a plate of Luxfer prism glass. 
Explain why glass of this sort is so much more o.flleierit than ordinary 
window glass in illuminating the rears of dark stores on the ground 
floor in narrow streets. 
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The Nature of Light 

436. The corpuscular theory of light. All of the properties 
of light which have so far been discussed are perhaps most 
easily accounted for on the hypothesis that light consists of 
streams of very minute particles, or corpuscles , projected with 
the enormous velocity of 300,000 kilometers per second from 
all luminous bodies. The facts of straight-line propagation 
and reflection are exactly as we should expect them to be if 
this were the nature of light.. The facts of refraction can also 
be accounted for, although somewhat less simply, on this 
hypothesis. As a matter of fact, this theory of the nature of 
light, known as the corpuscular theory , was the one most 
generally accepted up to about 1800. 

437. The wave theory of light. A rival hypothesis, which 
was first completely formulated by the great Dutch physicist 
Huygens (1629-1695), regarded light, like sound, as a form 
of wave motion . This hypothesis met at the start with two 
very serious difficulties. In the first place, light, unlike sound, 
not only travels with perfect readiness through the best 
vacuum which can be obtained with an air pump, but it travels 
without any apparent difficulty through the great interstellar 
spaces which are probably infinitely better vacua than can be 
obtained by artificial means. If, therefore, light is a wave 
motion, it must be a wave motion of some medium which fills 
all space and yet which does not hinder the motion of the 
stars and planets. Huygens assumed such a medium to exist, 
and called it the ether. 

The second difficulty in the way of the wave theory of light 
was that it seemed to fail to account for the fact of straight- 
line propagation. Sound waves, water waves, and all other 
forms of waves with which we are most familiar bend readily 
around -corners, while light apparently does not. It was this 
difficulty chiefly which led many of the most famous of the 



(hlRIHTIAN III! YORKS (1 (S2i)™l(ii)f>) 

(«roat Dutch physicist, mathematician, and astronomer; dis¬ 
covered t.hu rings of Haturn; made important improvements in 
l.lm telescope; invented tlm pendulum (dock (1(55(1); developed 
vvil.li marvelous insight 1,1m wave theory of light; discovered in 
KMX) the " polarization ” of light. (The fact of double refraction 
was discovered by Mrasmus Bartlmlinus In UU55), but Huygens 
llrst noticed l,lie polarization of the doubly refracted beams, mid 
offered an explanation of double refraction from the standpoint 
of tlm wave theory) 
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early philosophers, including the great Sir Isaac Newton, to 
reject the wave theory and to support the projected-particlo 
theory. Within the last hundred years, however, this difficulty 
has been completely removed, and in addition other properties 
of light have been discovered for which the wave theory offers 
the only satisfactory explanation. The most important of these 
properties will be treated in the; next paragraph. 


438. Interference of light. Let two pieces of plate, glass about 
half an inch wide and four or live inches long be separated at one end by 
a thin sheet of paper in the manner shown in Fig. iiS)l, while the other 


end is clamped or held firmly together, so 
air exists between the plates. Let a piece 
of asbestos or blotting paper bo soaked in 
a solution of common salt (sodium chlo¬ 
ride) and placed over the tube of a Bunsen 
burner so as to touch the flamo in tlio 
manner shown. The flame will be colored 
a bright yellow by the sodium in the salt. , 
When the eye looks at the reflection of 
the flame from the glass surfaces, a series 
of fine black and yellow lines will bo seen 
to cross the plate. 

The wave theory oilers the fol¬ 
lowing explanation of these effeets. 
Each point of the flume sends out 
light waves whielt travel to the glass 
plate and are in part reflected and in 



part transmitted at all the surfaces of the glass, that is, at A'B', 


at AB, at CJ), and at C'D' (Fig. 391). We will consider, how¬ 
ever, only those reflections which take place at the two faces of 


the air wedge, namely, at AB and CJ). Let Fig. 392 represent a 
greatly magnified section of these two surfaces. Let the wavy 


line aa represent a light wave reflected from the surface AB 
at the point a, and returning thence to the eye. Let the dotted 
wavy line ir represent a lightwave reflected from the surface CD 
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at the point i, and returning thence to the eye. Similarly, lot, 
all the continuous wavy lines of the. lignre represent li^'ht. 
waves reflected from different points on AH to the. eye, and 
let all the dotted wavy lines represent waves, relleeted from 
corresponding points onC.D to the t‘yt*. Now, in precisely tlu* 
same way in which two trains of sound waves from two (.lin¬ 
ing forks were'found, in the. experiment, illustrating heats (see 
§ 407), to interfere 
with each other so 
as to produce silence 
whenever the two 
waves corresponded 
to motions of the air 
particles in opposite 
directions, so in this 
experiment the two 
sets of light waves 
from AB and CD 
interfere with each 
other so as to pro¬ 
duce darkness wher¬ 
ever these two waves 
correspond to mo¬ 
tions of the fight-transmitting medium in opposite directions. 
The dark bands, then, of our experiment are simply the places 
at which the two beams relleeted from the two surfaces of 
the air film neutralize or destroy each other, while (he light 
bands correspond to the places at which the two beams reen¬ 
force each other and thus produce, illumination of double 
intensity. 

Now the condition for destructive, interference is obviously 
that the wave which passes through the (ilm and is reflected 
from any point on CD, such, for example, as /, shall return to 
AB, after its double passage through the lihu, in the condition 



«PGOO \ 

\ /• \ iiiffi'/rn-nrr 

,- x -x ri'i'iifom'iitntt 

/ \.y v 

'/\/\ ‘» f Cfrrn . 

■/'\ % •' uv'H/itm'inoC 


Km. .Wib KxplauiUiou of to 
liglif, IiiuhIk by in(orfoi'i>ii 


nation of (tafkiuul 
* of liatit. \viiv(,m 




THE NATURE OE LIGHT 


361 


or phase of vibration which is exactly opposite to that of the 
wave which is being reflected at that instant from the corre¬ 
sponding point on AB, namely from a. If this condition occurs 
at a, it must occur again at a point e enough farther down the 
wedge to make the double path through the film just one wave 
length more, and again at e where the double path is two wave 
lengths more, etc. In other words, the dark bands ought to 
follow one another ^t equal intervals down the wedge, pre¬ 
cisely as we observed them to do. Between each two successive 
points of interference there must, of course, be a point like b , 
d, /, or 7i, at which the waves reflected from the two surfaces 
unite in like phases and therefore reenforce each other. This 
phenomenon of the interference of light is met with in many 
different forms, and in every case the wave theory furnishes at 
once a wholly satisfactory explanation of the observed effects ; 
while the corpuscular theory, on the other hand, is unable to 
account for any of these interference effects without the most 
fantastic and violent assumptions. Hence the corpuscular theory 
is now practically abandoned , and light is universally regarded 
by physicists as a form of wave motion. 

439. The ether. We have already indicated that if the wave 
theory is to be accepted, we must conceive, with Huygens, that 
all space is filled with a medium, called the ether , in which the 
waves can travel. This medium cannot be like any of the 
ordinary forms of matter; for if any of these forms existed in 
interplanetary space, the planets and the other heavenly bodies 
would certainly be retarded in their motions. Asa matter of 
fact, in all the hundreds of years during which astronomers 
have been making accurate observations of the motions of heav¬ 
enly bodies no such retardation has ever been observed. The 
medium which transmits light waves must therefore have a 
density which is infinitely small even in comparison with that 
of our lightest gases. The existence of such a medium is now 
universally assumed by physicists. 
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Further, in order to account for the transmission of light 
through transparent bodies, it is necessary to assume that the 
ether penetrates not only all interstellar spaces but all inter- 
molecular spaces as well. 

440. Wave length of yellow light. Although light, like sound, is a 
form of wave motion, light waves differ from sound waves in several 
important respects. In the first place, an analysis of the preceding experi¬ 
ment, which seems to establish so conclusively the correctness of the 
wave theory, shows that the wave length of the light waves used in 
that experiment is extremely minute in comparison with that of oi di¬ 
nary sound waves. Thus, suppose the air wedge was 10 centimeters long, 
and that the upper edges of the glass strips were in contact, while the 
lower edges were held apart by a sheet of paper .03 millimeter thick. 
Suppose, further, that the black bands were found to be 1 millimeter 
apart. Now, since the air wedge is 100 millimeters long, the difference 
in its thickness at two points such as a and c (see Fig. 392), 1 milli¬ 
meter apart, must be .01 of its thickness at the base, that is, j<fi) of 
.03 millimeter, or .0003 millimeter. Since it is the double path through 
the air wedge at c which must be exactly one wave length longer than the 
double path at a (see § 438), we see that the difference in the thicknesses 
of the wedge at c and at a must be ^ wave length. Hence the wave length 
of yellow light must be 2 x .0003 = .0006 millimeter. Careful measure¬ 
ments by better methods give .000589 millimeter as the correct value. 

The number of vibrations per second made by the little particles which 
send out the light waves may be found, as in the case of sovmd, by 
dividing the velocity by the wave length. Since the velocity of light is 
30,000,000,000 centimeters per second and the wave length is .00000 
centimeter, the number of vibrations per second of the particles which 
emit yellow light has the enormous value 500,000,000,000,000. 

441. Wave theory explanation of refraction. Let one look ver¬ 
tically down upon a glass or tall jar full of water and place his finger 
on the side of the glass at the point at which the bottom appeal's to be, 
as seen through the water (Fig. 393). In every case it will be found 
that the point touched by the finger will be about one fourth of the 
depth of the water above the bottom. 

According to the wave theory this effect is clue to the fact 
that the speed of light is less in water than in air. Tims 
consider a wave which originates at any point JP (Fig. 394) 
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beneath a surface of water and spreads from that point with 
equal speed in all directions. At the instant at which the front 
of this wave first touches the surface mn it will, 
of course, be of spherical form, haying P as its 
center. Let aob be a section of this sphere. An 
instant later, if the speed had not changed in 
passing into air, the wave would have still had 
P as its center, and its form would have coin¬ 
cided with the dotted line oof, so drawn that 
aa , oo and bd are all equal. Huh if the velocity 
in air is greater than in water, then at the 
instant considered the disturbance will have 
reached some point o 2 instead of o 1? and lienee t'm. 303. Appar- 
the emerging wave will actually have the form ^ 
of the heavy lino cof instead of the dotted line l)0(ly of water ‘ 
cof. Now this wave oof is more curved than 
the old wave aob , and hence it has its center at some point P' 
above P. In other words, the wave lias bulged upward in 
passing from water into air. Therefore, when a section of 
this wave enters the eye at Jti, the wave appears to originate 



not at P but at P', for the light 
actually comes to the eye from 
P’ as a center rather than from 
P. We conclude, therefore, 
that if light travels dower in 
water than in air, all objects be¬ 
neath the surface of water ought 
_ to appear nearer to the eye than 
they actually are. This is pre¬ 
cisely what we found to be the 
case, in our experiment. 


E 



Fin. 304. IiuproHonting a wave* 
emerging from wator into air 


Furthermore, since when the eye is in any position other 
than IS, for example the light travels to it over the broken 
path PSE\ the construction shows that light fk always bent 
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away from tlie perpendicular when ib pannes obliquely into a 
medium in which the speed is greater. If it had passed into 
a medium of less speed, the point', P would evidently have 
appeared depressed below its natural position, and lumen the 
oblique rays would have appeared io be bent toward the 
perpendicular, as we found in $ 484 to be. the. ease. 

442. Ratio of the speeds of light in air and water. The last 
experiment not only indicates qualitatively that the speed of 
light is greater in air than in water, but. it furnishes a simple 
means of determining the precise 1 , rath) of the two speeds. Thus 
in Fig. 894 the lino oo represents just how lar the wave travels 
in air while it is traveling the distance ar in water. 

Hence “ is the ratio of the speeds of light in air and in water. 

00 \ 

Now it may be shown that when the are, rod is small, a con¬ 
dition which is in general realized in experimental work, 

is equal to Hut in our experiment we found that 

oo x or 

the bottom was raised one fourth of the depth; that is, that 
o P 4 

—We conclude, therefore, that light travels three 
oP' 8 

fourths as fast in water as in air. 

The fact that the value of this ratio, as determined by this 
indirect method, is exactly the same as that found by Foucault 
and Micbelson, by direct measurement (§ 480), furnishes one 
of the strongest proofs of the correctness of the wave theory. 

•For tiH tlio wave goes through the surface at o Its curvature changes from 
that of an arc which has its center at P to that of an arc which has its center 
at P\ Now tlio curvatures of those two arcs are by definition the reciprocals of 
their radii; that Is, they arc and -p, respectively. The naturalness of tills 
definition may be soon from the faet that If at a point like o one arc Is curving 
twice as fast as another, It is evident that this means merely that its center Is hut 
half as far away; that is, the curvatures of the two arcs are Inversely proportional 
to their radii. But so long as the arcs co\d and co^d are very short, their curvatures 
are also directly proportional to oo t and oo s ; that is, they are proportional to the 
amounts by which these two curved lines depart from the straight lino cod, 

Beace * oo,/o$’ v - oP'/oP, 
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443. Index of refraction. The ratio of the speed of light in 
air to its speed in any medium is called the index of refraction 
of that medium. It is evident that the method employed in 
the last paragraph for determining the index of refraction of 
water can be easily applied to any transparent medium whether 
liquid or solid. The refractive indices of some of the commoner 
substances are as follows: 


Water.1.83 drown glass.1.58 

Altiohol.1.80 Flint glass.1.07 

Turpentine.1.47 Diamond.2.47 


444. Light waves are transverse. 'Thus far we have discov¬ 
ered but two differences between light waves and sound waves; 
namely, the former are disturbances in the ether and are of 
very short wave length, while the latter are disturbances in 
ordinary matter and are of relatively great wave length. There 
exists, however, a further radical difference which follows 


from a capital discovery 
made by Huygens in the; 
year 1(590. It is this: 
While sound waves con¬ 




sist, as we have already 
seen, of longitudinal vi¬ 
brations of the particles 
of the transmitting me¬ 
dium, that is, vibrations 
back and forth in the. 


p Q 



Fi<i. 895. Tranvorao waves passing 
through slits 


line of propagation of the wave, light waves are like the water 
waves of Fig. 349, p. 819, in that they consist of transverse. 
vibrations, that is, vibrations of the medium at right angles to 


the direction of the line of propagation. 

In order to appreciate the difference between the behavior 
of waves of these two types under certain conditions, conceive 
of transverse waves in a rope to bo made to pass through two 
gratings in succession, as in Fig. 895. So long as the slits in 
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both gratings are parallel to the plane of vibration of the 
hand, as in Fig. 395, (1), the warns can pass through them 
with perfect ease; but if the slits in the first grating /> are 
parallel to the direction of vibration, while', those' eh the. second 
grating Q are turned at right angle;* to this elire'cthm, as in 
Fig. 395, (2), it is evident that the waves will pass mielily 
through P, but will be stopped completely by Q, as shown 
in the figure. In other weirds, tbt*se; 
gratings P and Q will let through 

only such vibrations as are; paral- 
, , J , .. .. r • i• i Imu. .Mill. Iournialme 

lei to the direction of then* slits. 

If, on the other hand, a longitudinal instead of a, trauHve'rso. 
wave — S uch, for example,, as a sound wave • - had approaches! 
such a grating, it would have; been as much transmitted in 
one position of the grating as in another, sine-e; si to-and-fm 
motion of the particles emu evielently puss thremgh the; slits 
with exactly tho same ease;, no matter how they are turneel. 

Now two crystals of tourmaline; are; found to behave; with 
respect to light waves precisely as the; two grat ings behave 
with respect to the 

waves on the reipo. illi Ih lift _ h . f |l ' S jl 

Km. HUH. Light cut <»ft 
by crossed tourmaline 
crystals 



Fid. 807. Light pass- 
ing through tourmaline; 
crystals 


Let one such crys¬ 
tal a (Fig. 39G) be held 
in frontof a small holt; 
in a screen through 
which a beam of sun¬ 
light is passing to a 
neighboring wall; t;r, 
if the sun is not shining, simply ltd the; crystal la; licit! between the eye 
and a source of light. The; light will he; reaelily transmitted, although 
somewhat diminished in inte.nsity. Thun let a st'cemd crystal (> he held 
in line with the first. The; light will still lx; transmitted, provided the 
axes of the crystals are. parallel, as shown in Fig. 307. When, however, 
one of the crystals is rotateul in its ring through 0(V’ (Fig. 30H), the; 
light is cut off. This shows that a crystal of tourmaline is capable of 
transmitting only light which is vibrating in one particular plane. 
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From this experiment, therefore, we are forced to conclude 
that light waves are transverse rather than longitudinal vibrations. 

The above experiment illustrates what is technically known 
as the 'polarization of light , and the beam which, after passage 
through «, is unable to pass through b if the axes of a and 
b are crossed, is known as a polarized beam. It is, then, the 
phenomenon of the polarization, of light upon which we base 
the conclusion that light waves are transverse. 

445. Intensity of light. Let, four candles he set as close together 
as possible in such a position B as to cast upon a white screen C, placed 
in a well-darkened room, a shadow of an opaque object 0 (Fig. 1109). Let 
one single candle be placed in a 
position .'1 such that it will cast 
another shadow of 0 upon the 
screen. Since light from A falls 
on the shadow cast by B, and 
light from B falls on the shadow 
oast by A, it is clear that the 
two shadows will appear equally dark only when light of equal in¬ 
tensity falls on each; that is, when A and B produce equal illumina¬ 
tion upon the screen. Let the positions of .1 and B bo shifted until this 
condition is fulfilled. Then let the distances from B to C and from A 



Fm. ‘100. Proof of law of inverse squares 


to C be. measured. If all five candles are burning with flames of the 
same size, the first, distance will be found to be just twice as great as 
die, second. Hence the illumination produced upon the screen by each 
one of the candles at B is but one fourth as great as that produced on 
the screen by one candle at A, one half as far away. 

The above is the direct experimental proof that the intensity of 
light varies inversely as the square of the distance from the source. 

The theoretical proof of the law is furnished at onco by 
Fig. 400, for since all the light which falls from the candle L 



Fio. 890. Eumford’s photometer 
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on A is spread over four times as large an area when it reaches 
B , twice as far away, and over nine times as large an area 
when it reaches 0, three times as far away, obviously the in¬ 
tensities n,t B and at V can be but one 1‘ourlh and one, ninth 
as great as at A. 

The above method of comparing experimentally the inten¬ 
sities of two lights was first used by ('omit Rumford. The 
arrangement is therefore called the Hanford photometer flight 
measurer). 

446. Candle power. The last experiment furnishes a method 
of comparing the lit/ht,-emit tint/ pmeerx of various sources of 
light. For example, suppose (hat the four candles at B are 
replaced by a gas (lame, and that, for the condition of equal 
illumination upon the screen the two distances //("and .If,'are 
the same as above, namely 2 to 1. We should then know that 
the gas flame, which is able to produce the same illumination 
at a distance of two feet as a candle at a distance of one foot, 
has a light-emitting power equal to four candles. In general, 
then, the candle power of any two sources which produce equal 
illumination on a given screen are direetli/ proportional to the 
squares of the dixtaneex of the xoareex from the xoreen. 

It is customary to express the intensities of all sources of 
light in tonus of candle powor, one candle power being defined 
as the amount of light emitted by a sperm candle \ inch in 
diameter and burning 120 grains (7.770 grams) per hour. The 
candle power of an ordinary gas flame burning f> cubic feet 
per hour is from 10 to 25, depending on the qualify of the gas. 
A Welsbach lamp burning 8 cubic feet per hour has a candle 
power of from 50 to 100. Most incandescent electric lamps 
which are used for domestic purposes are of 10 candle power. 
The average arc light has a candle power of about 500, 
although when measured in the direction of greatest intensity 
the illuminating power may bo as great as that of 1000 or 
1200 candles. 
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447. Bunsen’s photometer. Let a drop of oil or melted parallin l>e 
placed in the middle of a sh$et of unglazed white paper to render it 
translucent. Let the paper he held near a window and the side aimy 
from the window observed. The oiled spot will appear lighter than the 
remainder of the paper. Then let the paper bo held so that the side, 
nearest the window may be seen. 'The. oiled spot, will appear darker 
than the rest of the, paper. We learn, therefore, that ir/ieu the paper is 
viewed from the. side, of <jre<iter illumination, the oiled spof appears dark; 
but when it is viewed from the side, of lessor illumination, the spot appears light. 
If, then, the two sides of the paper are equally illuminated, the spof 
ought to be. of the. same brightness 
when viewed from either side. Let the ( 
room be darkened and the oiled paper 
placed between two gas flames, two elec- ^ 
trie lights, or any two equal sources of 
light. It will be observed that when Fm.401. Bunsen’s photometer 
the paper is held closer to one. than the, 

other, the spot will appear dark when viewed from the side next the 
closer light; but if it is then moved until it is nearer the other source, 
the spot will change from dark to light when viewed always from the 
same side. It is always possible, to lind some position for the oiled 
paper at which the spot either disappears altogether or at least appears 
the, same when viewed from either side. This is the position at which 
the illuminations from the two sources are. equal. Hence, to lind the 
candle power of any unknown source it is only necessary to sot up 
a candle on one side and the. unknown source on the other, as in 
Tig. 401, and to move the spot /I to the. position of equal illumination. 
The candle power of the unknown source at C will then be the square, 
of the distance from (! to /I, divided by the square of the distance 
from R to A. 

This arrangement is known as the. Bunsen photometer. 

QUESTIONS AND PROBLEMS 

1. What is the speed of light in water? (Index of refraction 
is 1.83.) 

2. Will a beam of light going from water into flint glass be bent 
toward or away front the perpendicular drawn into the glass? 

3. If the wedge-shaped Him of air in Fig. Hill were, replaced by water, 
would the distance between successive fringes be greater or less than in 
air ? Why ? 

t 
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4. When light passes obliquely from air into carbon bisulphide it is 
bent more than when it passes from air jinto water at the same angle. 
Is the speed of light in carbon bisulphide greater or less than in water? 

5. Does a man abovo the surface of water appear to a lish below it 
farther from or nearer to the. surface than he actually is? 

6. How far from a screen must a 4-candle-power light be placed to 
give the same illumination as a 10-eandle-power electric light0 m. away? 

7. A Bunsen photometer placed between an arc light and an incan¬ 
descent light of 82 candle power is equally illuminated on both Hides 
when it is 10 ft. from the incandescent light and JU5 ft. from the arc 
light. What is the candle power of the are, V 

8 . A 5-candle-powor and a 80-candle-power source of light are 2 m. 
apart. Where must the oiled disk of a Bunsen photometer he placed in 
order to be equally illuminated on the two sides by them ? 

9. If the sun were at the distance of the moon from the earth, in¬ 
stead of at its present distance, how much stronger would sunlight he 
than at present? The moon is 240,000 mi. and the sun SKI,000,000 mi. 
from the earth. 

10. If a gas flame is 000 cm. from the. screen of a Rumford photom¬ 
eter, and a standard candles 00 cm. away gives a shadow of equal in¬ 
tensity, what is the candle power of the gas flame ? 
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IMAGE FORMATION 

Images formed by Lenses 

448. Focal length of a convex lens. Let a convex lens be held 
iu the path of a beam of sunlight which enters a darkened room, where 
it is made plainly visible by means of chalk dust or smoke. 'The beam 
will be found to converge to a focus F, as shown in Fig. 402. 

The explanation is as follows: The waves from the sun 
or any distant object are without any appreciable curvature 
when they strike the lens, 
that is, they are so called 
plane waves (see Fig. 402). 

Since the speed of light is 
less in glass than in air, 
the central portion of these 
waves is retarded more than the outer portions in passing 
through the lens. lienee on emerging from the lens the 
waves are concave instead of plane, and close in to a center 
or focus at F. 

A second way of looking.at the phenomenon is to think of 
the " rays ” which strike the lens as being bent by it, in ac¬ 
cordance with the laws given in § 484, so that they all pass 
through the point F. 

The distance CF from the center of the lens to the point at 
which incident plane waves (parallel rays) aro brought to a 
focus is called the focal length (/) of the lens. 

The line through the middle 0 (the optical center) of the 
lens, perpendicular to its faces, is called the principal axis , 



Fki. 402. Principal focus F and focal 
length OF of a convex lens 
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The point, ./'Oil, which toys parallel to the principal axis m 
brought to a focus is culled the. principal Jocaa. 

The plane, F'FF" (Nig. -103) in which plain 1 waves (pamll< 
rays) coming to the. lens from slightly different directions, x 


from the. top and bottom ol a 
distant house, all have, their 
foci A’\ F'\ etc. is called the 
focal plane of the lens. 

Since the curvature of any 
are, is dolined as the recipro¬ 
cal of its radius (see footnote 

hnpirm-H on. an incident plane 
matter what the curvature 



Kiu. 4011. Focal plane of si convex !<>t 
p. 3l>4 ), the ciirrature which a in t 
ware in ctpnd to y. Moreover, n 
of an incident, wave may he, th 


lenx will al/va.i/H chani/e the carrot are hp the name amount , • . 

lid, the. foeal length of a convex lens he iieeiiraldv determined h 
measuring the ctint,aiu*o from l.ho middle, of the Unis to the image of 
distant, house. 


449. Conjugate foci. If a point source of light is placed a 
F (Nig. 402), it is obvious that the light which goes througl 
the lens must exactly retrace its former path; that is, its wave 




Fio. 404, Conjugate food 


will bo rendered plane or its rays parallel by the lens. But i, 
the point source is at a distance l>„ greater than / ( Nig. 404 ) 

then the waves upon striking the lens have a curvature ^ 
(since the curvature of an arc is defined as the reciprocal of iu 
radius), which is less than their former curvature, Since the 
lens was able to subtract all the curvature from waves coming 
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from F and render them plane, by subtracting tlic same 
curvature from the (latter waves from P it must render them 
concave; that is, the rays after passing through the lens are 
converging and intersect at F'. Il ! the source is placed at i*', 
obviously the rays will meet at P. The points P and F 1 arc 
(sailed conjugate foci. 

450. Formula for conjugate foci; secondary foci. The rela¬ 
tion between the distances of P and iP'from the lens is obtained 
at once from the consideration that the curvature which the 


wave has after it gets through the lens, namely - , is the dill- 

ferenco between the curvature impressed by the lens, namely 
and that which the wave had when it reached the lens, namely 

77 ; JL = 1 _ _1_ t)r 1_, 1 = 1 1 


If JJ O ~J) 0 then the last, equation shows that both F n and l\ 
are ecjual to 2/. 

'The two conjugate foci H and ;S" which are at equal dis¬ 
tances from the lens arc cailed the xenmdary Joel, and their 
distance from the lens is twice the focal distance. 


451. Images Of objects. Let a candle or olectrie-liglit bulb bo 
placed between tins principal I’ociih P and tin* secondary fociiH S at P(l 
(Pig. 405), and let a Nereen bo placed at P'Q'. An enlarged inverted 
imago will bo seen, upon the screen. 



Fni. 405. Formation of a real image by a lens 


This image is formed, as follows: All the light which 
strikes the lens from the point G is brought together at a 
point P The location of this image I' 1 must be on a straight 








line drawn from P through ('; for any ray passing through 
C will remain parallel to its original direction, since the por¬ 
tions of the lens through which it enters unit leaves may he 
regarded as small parallel planes (set' § 481). 'Plu' image 
F'Q'is therefore always formed between the lines drawn from 
F and Q through CL If the, focal length,/’ and the distance 
of the object 1) 0 are known, the. distance of the. image l\ 
may be obtained easily from formula ( 1 ). 

The position of the image may also lie found graphically as 
follows: Of the cone of rays passing Irom /' to the lens, that 



ITni. 400. Hay imaluxl of const meting image 


ray which is parallel to the principal axis must, by § 448, 
pass through the principal focus F 1 . The intersection of this 
line with the straight line through C locates the image /*' (see 
Fig. 40(>). Q\ the image of Q, is local ml similarly. 

452. Size of image. Since the image and object are always 
between the intersecting straight lines /*/*' and (</(/, tint 
similar triangles P(-Q an<l P'CQ 1 show that 


PQ IK 


c-> 


that is ^ en S^ 1L object Distance of object, from li'ns 
’ Length of image Distance of image, from Urns 

It maybe seen from Fig. 40(1, as well as from formulas (1) 
and (2), that 

1. When the object is at F the image is at »S", and image 
and object arc of the same size. 

2. As the object moves out from *V to a great distance the 
image moves from up to F' } becoming smaller and smaller. 





(the emerging rays are parallel), and no real image is formed. 

453. Virtual image. We have seen that when the object is 
at F the waves after passing 

through tho Ions are plane. If, :o\i 111 i 111 

then, the object is nearer to the 

lens than F, the emerging waves, 

although reduced in curvature by ^'/J 


an amount , will still be convex, 


Fig. 407. Virtual image formed 
by a convex Ions 


and if received by an eye at /£, 

will appear to come from a point F' (Fig. 407). Since, however, 
there is actually no source of light at P', this sort of image 
is called a virtual image. Such p , 
an imago cannot be projected 

upon a screen as a real image _ j— 

can, but must observed by " 

an eye. 

The graphical location of „ , AO 

, b / Kki. 408. Hay motliod of locating 

a Virtual image may be ae- virtual imago in convex lens 

complished precisely as in 

the case of a real image (§ 451). It will bo seen that in 

this ease (Figs. 407 and 408) the image ix enlarged and erect. 

454. Image in concave lens. When a piano % 

wave strikes a concave lens it must emerge . .OnyA 

as a divergent wave, since the middle of the 1 " ! ^yjj)j 
wave is retarded by the glass less than the ''I 

edges (Fig. 409). Tho point F from which Fig. 400. Virtual 
plane wavo.H appear to eomo after passing f ° cn * ft l<ma°° n " 
through such a lens is the principal focus of 
the lens. For the same reason as in tho ease of the convex 
lens the confers of the transmitted waves from P and Q 
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(Fig. 410), that is, the images /*' and (/, muHt Il, ‘ U I’° U 
lines PC and QC, and sincu* the curvature is increased In the 
lens, they must lie closer to the hats than /’ and lj. hig. -110 



Fik. 410 . I inline in a e.oneiive tens inmp- in marine Imei 


shows the way in which sneli a lens I’oruis an image. This 
image is always virtual, vrurf, ami tl/aiiuix/inl. The graphical 
method of locating the image is shown in Fig. ill. 


ImAUKS IN MiUKhKn 

455. Image of a point in a plane mirror. We me all familiar 
with the fact that to an eye at. A’ ( Fig, 112), looking into a 
plane mirror mn, a pencil point at /’ appears In he at some 
point P 1 behind (he mirror. We are able in the laboratory !<• 
find experimentally the exact 
location of this image P' with 
respect to P and the mirror, 
but we may also obtain this 
location from theory as fol¬ 
lows : Consider a. light wave 
which originates in the {mini. 

P- (Fig. 412) and spreads in 
all directions. Lei aoh he. u 
section of the, wave at the 

instant at which it reaches mtln-mti fmm ;» 

the reflecting surface mu. An ! '* Hm wulfltM 

instant later, if there were lit) reflecting surface, the wave 
would have reached the position of the dotted line ^yA 
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Since, however, reflection took place at mn, and since the 
reflected wave is propagated backward with exactly the same 
velocity with which the original wave would have been prop¬ 
agated forward, at the proper instant, the reflected wave must 
have reached the position of the line co/1, so drawn that oo 1 
is equal to oo g . Now the wave co/l has its center at some 
point P( and it will be seen that P' must lie just as far below 
mn as P lies above it, for co/L and co/l are arcs of equal circles 
having the common chord ed. For the same reason, also, P’ 
must lie on the perpendicular drawn from P through mn. 
When, then, a section of this reflected wave co/1 enters the 
eye at P, the wave appears to have originated at P' and not 
at P, for the light actually comes to the eye from P' as a 
center rather than from P. Hence P' is the image of P. 
We learn, therefore, that the image of a point in a plane 
mirror lien on the perpendicular drawn from the point to the 
mirror , and is as far bade of the mirror as the point is in 
front of it. 

456. Construction of image of object in a plane mirror. 

The image of an object in a plane mirror (Fig. 418) may 
be located by applying the law 
proved above for each of its 
points, that is, by drawing from 
each point a perpendicular to 
the reflecting surface , and extend¬ 
ing it an equal distance on the 
other side. 

To find the path of the rays 
which come to an eye placed 
at E from any point such as A of the object, we have only to 
draw a line from the image A' of this point to the eye and con¬ 
nect the point of intersection of this line with the mirror, 
namely C, with the original point A. ACE- is then the path 
of the ray. 


m 



Ifir;. 418. Construction of image 
of object in plane mirror 





878 


IMA<iK FORMATION 






Let. a caudle (Fig. 414) b<* placed exactly us far in front, of a pant 1 of 
window glass an a bottle full of water is behind it, both objects being 
cm the same perpendicular drawn through 
the glass. The candle will appear to be 
burning inside the water. This explains 
a larges class of familiar optical illusions, 
such as " the figure suspended in mid-air," 
the "bust of a person without a trunk," 
the 1 "stage ghost,” etc*. In tin 1 last ease tin* 
illusion is produeed by causing the audience 
to look at this actors obliquely through a 
sheet of very clear plate, glass, tins edges of 
whic.h are concealed by draperies, images of strongly illuminated figures 
atones sides them appear to the audience to he in the midst, of the net one. 

457. Focal length of a curved mirror half its radius of curva¬ 
ture. The offend, of a convex mirror on plum- waves incident upon 
it is shown in Fig. *115. 'The* wave which would at a given in¬ 
stant have been at rnf in at w tJ </ where on, ; nn a . The center F 
from which flue 


Km. >114, Position of images 
in a plant* mirror 


waves appear to 
oonm to t he eye 
E is the form 
of tint mirror. 

Now so long 
oh the are ml in 
Hmall its curva¬ 
ture may, with- 



Ktu. 415. Uetlccthm of a plant* wave from a 
convex mirror 


out appreciable* 
error, be meas¬ 
ured by oj) (ho e. footnote*, p. 80*1); that is, by the departure 
of the curved line rod from the straight line rvy/. Since eye 
watt made equal to my wo have fyy 2 no ; that in, the curva¬ 
ture of the reflee,t<*d wave in eijuul to twice the curvature 


of the mirror, or /^ . In other words, thr /oral l myth of a 

mirror is equal to one half it a radius. 
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458. Image in a convex mirror. We are all familiar with 
the fact that a convex mirror always forms behind the mirror 
a virtual, erect, and di- 

minished imago. The f™ 

reason for this is shown 
clearly in Fig. 410. The 
image of the point P ~p — 

lie.s, as in plane mirrors, ____ Q 

always on tins perpen- Q 

dieular to the mirror, but Fl<1 - 41 °- Construction of image ill a con- 

vex mirror 

now necessarily nearer 

to the mirror than the focus F', since the mirror has increased 
the curvature of the reflected waves by an amount equal to 

Y The image P’ (/ of an ob- 

joot PQ is always diminished —■——/ \ 

because it lies between the-— 

cionverging lines PO and > \ ^ 

Q(\ It can be located by d ~/\ 

the. ray method (Fig. 417) Eig. 417 

exactly as in the case of con¬ 
cave. lenses. In fact,-a convex mirror and a concave lens have 
exactly the same optical properties. This is because each always 

increases the curvature of , - 

the incident waves by an 


459. Images in concave 
mirrors. Let the images ob¬ 
tainable with a concave mirror 



be studied precisely as were jr, 0 418 . Heal imago of candle formed 
those obtainable from a convex by a concave mirror 

Umih. It will be found that ex¬ 
actly the same aeries of images is obtained; that is, when the object is 
between the mirror and the principal focus the image is virtual, enlarged, 
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and erect. When it. in at. the focus the reflected waves are plum*; that, is 
the rays from each point, are a parallel handle. When it is between th< 
principal focus anil flit' center of curvature, the intake is inverted, eu 
larked, and real (Figs. .1 IS anil 1 lit). \\ hen it is at a distance /«’ ( »(' 

from the mirror, the image is also at a distance /* and ul the same sizt 



as the object, though inserted (see Fig. TJ.'I). As the object is inovei 
from. It out. to a great dislatiee the image moves from (’ up to /■’, am 
is always real, inverted, and diminished. The most convenient way o 
llnding the focal length is to tind where the image of u distant ol.jeci 
is formed. 


Wt*. leant, then, that, a cone 
properties of a convex lens. 



Fiu. 420. Virtual image In u. con¬ 
cave mirror 


ave mirror has exactlv tin* opl iea 
This is heeanse, like the convex 



Km. -121, Hay method of loeatlnj, 
real imuge in concave mirror 


lens, it always diminUhen the curvature of the waves. Tlu 
same formulas hold throughout, and the stum* const ruction* 
are applicable (see Kigs. 420 and 421 ). 

460. Summary for lenses and mirrors, Huai, imaukk, ttltvttyn invnint 
Formed by convex lenses and concave mirrors if lt 0 -f, Kulurgcd 1 
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2/> A >/') diminished if D 0 > 2/. The resulting curvature is equal to 
the curvature impressed by the lens, diminished by the initial curvature 


_ 1 _ = 1 _ 1 _ 
A / A 


or 




1 

/ 


Virtual images, always erect. (1) Formed by convex lenses and con¬ 
cave mirrors if J) 0 always enlarged. The resulting - curvature is 
equal to the initial curvature diminished by the curvature impressed 
by the lens. 1_.11 

D, D 0 f ° r D, D, /' 


(2) Formed by concave lenses and .convex mirrors; always dimin¬ 
ished. The resulting curvature is -equal to the initial curvature in¬ 
creased by the curvature impressed by the lens. 


jl_ = _i. 1 . JL_J__i 

A A / 01 A A / 


The size of all images is given by 


A = a 

A A 


where h 0 and denote the size of object and image respectively, and 
D 0 and /),• their distances from the lens or mirror.* 


QUESTIONS AND PROBLEMS 

1. A man runs toward a plane mirror at the rate of 12 ft. per second. 

I low fast does he approach his image? 

2. A man is standing squarely in front of a plane mirror which im 
very much taller than he is. The mirror is tipped toward him until 
it makes an angle of 45° with the horizontal. He still sees his full 
length. What position does his image occupy? 

3. Show from a construction of the image that a man cannot see 
his entire length in a vertical mirror unless the mirror is half as tall as 
he is. Decide from a study of the figure whether or not the distance of 
the man from the mirror affects the case. 

4. How tall is a tree 200 ft. away, if the image of it formed by a 
lens of focal length 4 in. is 1 in. long ? (Consider the image to be formed 
in the focal plane.) 

* Laboratory experiments on the formation of images by concave mirrors and 
by lenses should follow this discussion. See, for example, Experiments 45 and 46 
of the authors’ manual, 
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5. IInw Imi ,it iui image of th«* same tn*«' will he formed in th*' focal 
piano of a Ions having a focal length ot it in. ? 

6. Why linos tho uuso appear relatively large in comparison with 
Mu* oars when iho I'aro is \io\vml in n i'hiiwa minnr.* 

7. Can a convex mirror ever t'nnu an inverted image? Dive reason 
for your answer. 

8. When iluos a convex loits form a foul, utnl w lion a \ irt util, image Y 
Whon uu enlarged, and whon a iliniiuishoil, imago7 Whou an creel, 
ami whon an invortoil, nuo Y 

9. Dosoriho tho image formed by a concave loits. W by oiin it. uovor 
ho larger than Iho object 7 

10. What, is tho dilToronoo between a real and a virtual imagoV 

11. A oandlo plaood 20 out. in front nf a concave mirror 1ms it h imago 
formed of) cm. in front of Iho mirror. Find tho radius of tho mirror. 

12. Find tho rolulivo sizes of imago and ohjoot in Problem 11. 

13. An object,is If* om. 
ill front of a convex Ions 
of 12 om. focal length. 

What will bo t.lm nature 

.of tin* imago, its size, and 
its distance from the Ions? 

14. Wlmt, is the focal 
length ttf a lens if tho 
imago of an object It) ft. 
away is il ft. from tin* 

Ions Y 

15. If tho object in Problem 11 is (I in. long, how long w ill the imago hoi 

16. A beam of sunlight falls on a convex mirror through a eiroulut 
»lmlo in a shoot of cardboard, as 

in Fig. ‘122. Provo that whou 
tho diameter of tho. reflected 
beam r>[ is twice tho diameter 
of tho lmlo np, tlm distance mu 
from tho mirror to tho screen 
is equal to tho focal length oF 
of tho mirror. 

17. If a rose ft is pinned 
upside down in a brightly illu¬ 
minated box, a real imago may ho formed in a glass of water IF hj 
a couoavo mirror C (Fig. 42il). Whore must the eye he placed pi mn 
tho image? 

18. How far is tho rose from tho mirror in tlm arrangement ol 
Fig. 428? 





Km. 42H. Imago of object at center ol 
curvature 



Km. 422. Determination of focal length of n 
convex mltn*r 
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Optical Instruments 


461. The photographic camera. A fairly distinct, though 
dim, imago of a candle can be obtained with nothing more 
elaborate than a pinhole in a piece of cardboard (Fig. 424). 
If the receiving screen is replaced 
by a photographic plate, the ar¬ 
rangement becomes a pinhole 
camera, with which good pictures 
may be taken if the exposure is 
sufficiently long. If we try to 
increawc the lightness of the ^ 
images by enlarging the hole, the 



image 1 , becomes blurred because the narrow pencils apt! ^ 

etc. become cones whose bases a), overlap and thus destroy 
the distinctness of the outline. 


It is possible to gain the in¬ 
creased brightness due to the 
larger hole, without sacrificing 
distinctness of outline, by plac¬ 
ing a lens in the hole (Fig. 425). 
If the receiving screen is now 
a sensitive, plate, the arrange- 



Pig. 425. Principle of the photo¬ 
graphic camera 


ment becomes a photoi/raphic camera (Fig. 426). But while, 


with the pinhole camera, the screen may be at any distance 


from the hole, with a lens the plate 
and the object must be at conjugate 
foci of the lens. 

Let a lens of, say, 4 feet focal length bo 
placed in front of a hole in the shutter of 
a darkened room and a nomitransparent 
screen (for example, architect's tracing 
paper) placed at the focal plane. A perfect 
reproduction of the opposite landscape will 
appear. 



Pig. 426. The photographic 
camera 
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462. The projecting lantern. Tlu* projecting hmtem is essen- 
tially a camera in which the position of object and image have 
been interchanged; for in (lie use ol the camera the object, is 
at, a considerable distance and a small inverted image is formed 
on a plate placed somewhat' farther Iron) the lens than the, 
focal distance. In (he use of the projecting lantern the object 
/' (Fig. -Fd7) is placed a tritle farther from the lens // than 



Km. 427. Tlit' projectile lantern (sterruptienu) I 

its focal length, and an enlarged inserted image is formed on 
a distant, screen S. hi both instruments the optical part is 
simply a convex lens, or a combination of lenses \vhieh in 
equivalent to a convex lens. 

The object l\ whose image is formed on tin* screen, is usu¬ 
ally a transparent slide winch is illuminated by a powerful 
light A. The. image is as many times larger than the object 
as the distsuin', from U to S is greater than the distance from 
V to l\ The light d is usually either a calcium light or an 
electric are. 

The above are the only essential parts of a projecting lantern. In 
order, however, that the slide may he illuminated as brilliantly hh |k>h- 
sible, a no-called condensing lens L is always used. This euncentrates 
light upon this transparency and directs it toward the screen. 

In order to illustrate the principle of the Instrument, let a beam of 
sunlight he reflected into the room and fall upon a lantern slide. When 
a lens is placed a trifle more than its focal distance in front of Urn slide, 
a brilliant picture will be formed ou the opposite wall. 
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463. The eye. The eye is essentially a camera in which the 
cornea C (Fig. 428), the aqueous humor ( and the crystalline 
lens o act as one single lens which forms an inverted image 
P'Q' on the retina, an expansion of the optic nerve covering 
the inside of the back of the eyeball. 

In the case of the camera the images of objects at different 
distances are obtained by placing the plate nearer to or farther 
from the lens. In the 

eye, however, the dis- f c • p 

tance from the retina to 

the lens remains constant, ^ 

and the adjustment for Q 

different distances is ef- FrG . 428 . The human eye 

fected by changing the 

focal length of the lens itself in such a way as always to keep 
the image upon the retina. Thus, when the normal eye is per¬ 
fectly relaxed, the lens has just the proper curvature to focus 
plane waves upon the retina; that is, to make distant objects 
distinctly visible. But by directing attention upon near objects 
we cause the muscles which hold the lens in place to contract 
in such a way as to make the lens more convex, and thus 
bring into distinct focus objects which may be as close as eight 
or ten inches. This power of adjustment, however, varies 
greatly in different individuals. 

464. The apparent size of a body. The apparent size of a 

body depends simply upon the size of the image formed upon 
the retina by the lens of the eye, p p 

and hence upon the size of the ~~—■— 

visual angle pCq (Fig. 429). The 

size of this angle evidently in- u-—- 

creases as the object is brought ^ . 

nearer to the eye (see PCQ). 

Thus the image formed on the retina when a man is 100 feet 
from the eye is in reality only one tenth as large as the image 


q Q 

Fig. 429. The visual angle 
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formed of the same mail when he is but 10 feet away. We do 
not actually interpret the larger image as representing a larger 
man simply because we have been taught by lifelong experi¬ 
ence to take account of the known distance of an object in 
forming onr estimate of its actual size. To an infant who has 
not yet formed ideas of distance the man 10 feet away doubt¬ 
less appears ten times as large as the man 100 feet away. 

465. Distance of most distinct vision. When we wish to 
' examine an object minutely we bring it as close to the eye as 

possible in order to increase the size of the image on the retina. 
But there is a limit to the size of the image which can he pro¬ 
duced in this way; for when the object is brought nearer to 
the normal eye than about 10 niches, the curvature of the 
incident wave becomes so great that the eye lens is no longer 
able, without too much strain, to thicken sufficiently to bring 
the image into sharp focus upon the retina. Hence a person 
with normal eyes holds an object which he wishes to see as 
distinctly as possible at a distance of about 10 inches. 

Although this so-called distance of most distinct vision varies 
somewhat with different people, for the sake of having a 
standard of comparison in the determination of the magnifying 
powers of optical.instruments, some exact distance had to be 
chosen. The distance so chosen is 10 inches, or 25 centimeters. 

466. Magnifying power of a convex lens. If a convex lens 
is placed immediately before the eye, the object may be brought 
much closer than 25 centimeters without loss of distinctness, 
for the curvature of the wave is partly, or even wholly, over¬ 
come by the lens before the light enters the eye. 

If we wish to use a lens as a magnifying glass to the best 
advantage, we place the eye as close to it as we can, so as to 
gather as large a cone of rays as possible, and then place the 
object at a distance from the lens equal to its focal length, so 
that the waves after passing through it are plane. They are 
then focused by the eye with the least possible effort. The 
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visual angle in such a case is PcQ [Fig. 430, (1)], for, since 
the emergent waves are plane, the rays which pass through 
the center, of the eye from P and Q are parallel to the lines 
through Pc and Qc. But if the lens were not present, and if 
the object were 25 cen¬ 
timeters froA the eye, 
the visual angle would 
be [Fig. 430, (2)]. 

The ratio of these two 
angles is approximately 
25 /f where f is the 
focal length of the lens 
expressed in centime¬ 
ters. Now the magnify¬ 
ing power of a lens or Fig. 430.. Magnifying power of a lens 
microscope is defined as 

the ratio of the angle actually subtended by the image when viewed 
through the instrument , to the angle subtended by the object when 
viewed with the unaided eye at a distance of 25 centimeters. 
Therefore the magnifying power of a simple lens is 25//“. Thus, 
if a lens has a focal length of 2.5 centimeters, it produces a 
magnification of 10 diameters when the object is placed at its 
principal focus. If the lens has a focal length of 1 centimeter, 
its magnifying power is 25, etc. 


467. Magnifying power of an astronomical telescope. In the astronom¬ 
ical telescope the objective, or forward lens, forms at its focus an image 
of a distant object. Suppose that this image were viewed directly by 



Fig. 431. Magnifying power of a telescope objective is .F/25 


an eye 25 centimeters from the image, as in Fig. 431. The angle sub¬ 
tended by the image at the eye would then be P'EQ '; but the angle 
subtended by the object is PEQ, which is practically the same as P'cQ '; 
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for P'cQ' = PcQ, and since the object is very distant, PcQ~PEQ 
approximately. Bxxt P'EQ' divided by P'cQ' is equal to F/ 25, P being 
the focal length of the objective measured in centimeters. Hence 


the forward lens 
alone enables us 
to increase the 
visual angle of 
the object F/25 ^_| 

Objective 

Mil IllWfc 

t -’ m6S - To Q =f 

In practice, 111 

iiyiiififfiffi»^ 

however, the im¬ 


age is not viewed 


with the unaided p" 



Big. 432. Magnifying power of a telescope is F/J 


eye, but with a 
simple magnify¬ 
ing glass called an eyepiece (Fig. 432), placed so that the image is at its 
focus. Since we have seen in § 466 that the simple magnifying glass 
increases the visual angle 25 */f times, / being the focal length of the 
eyepiece, it is clear that the total magnification produced hy both lenses, 
used as above, is Ff 25 x 25//= F/f The magnifying power of an astro¬ 
nomical telescope is therefore the focal length of the abjection divided by the 
focal length of the eyepiece. It will be seen, 
therefore, that to get a high magnifying 
power it is necessary to use an objective 
of as great focal length as possible and an 
eyepiece of-as short focal length as possi¬ 
ble. The focal length of the great lens at 
the Yerkes Observatory is about 62 feet 
and its diameter 40 inches. 'The great 
diameter enables it to collect a very large 
amount of light. 

Eyepieces often have focal lengths as 
small as J inch. Thus the Yerkes tele¬ 
scope when used with a |-inch eyepiece 
has a magnifying power of 2976. 

468. The magnifying power of the 
compound microscope. The compound 
microscope is like the telescope in that 



microscope 


the front lens, or objective, forms a real image of the object at the focus 
of the eyepiece. The size of the image P'Q' (Fig. 433) formed by the 
objective is as many times the size of the object PQ as r, the distance 
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from the objective to the image, is times u, the distance from the objec¬ 
tive to the object (see § 452). Since the eyepiece magnifies this image 
25//times, the total magnifying power of a compound microscope is 


- yr • Ordinarily v is practically the length L of the microscope tube, 

and u is the focal length F of the objective. Wherever this is the. case, 

• 25 L 

tlieu, the magnifying power of the compound microscope is ~yy ■ 

Thu relation shows that in order to get a high magnifying power with 
a compound microscope the focal length of both eyepiece and objective 
should be as short as possible, while the tube length should be as long 
as possible. Tilths, if a microscope Las both an eyepiece and an objective 
of (5 millimeters focal length and a tube 15 centimeters long, its magni¬ 
fying power will be = 1042. Magnifications as high as 2500 or 

0000 are sometimes used, but it is impossible to go much farther for the 
reason that the image becomes too faint to be seen when it is spread 
over so large an area. 

469. The terrestrial telescope. In both the microscope and the tele¬ 
scope, since the image formed by the objective is a real image, it is in¬ 
verted. Since the eyepiece forms a virtual image of this real image, the 
object as seen by the eye will appear upside down. 'Phis is a serious 



objection when it is desired to use the telescope as a field glass. Hence 
the terrestrial telescope, is constructed with an objective exactly*like that 
of the astronomical telescope, but with an eyepiece which is essentially 
a compound microscope. Since, then, the image is twice inverted, once 
by the objective 0 (Fig. 4114) and once by O', it appears erect. 

470. The opera glass. On account of the large number of lenses 
which must he used in the thrrestrial telescope, it is too bulky and awk¬ 
ward for many purposes, and hence it is often replaced by the opera 
glass (Fig. 4115). This instrument consists of an objective like that of 
the telescope, and an eyepiece which is a concave lens of the same, focal 
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length, as the eye of the observer. The effect of the eyepiece is there¬ 
fore to just neutralize the lens of the eye. Hence the objective, in effect, 
forms its image directly upon the retina. It will be seen that the size 
of the image formed upon the retina by the objective of the opera glass 



is as much larger than the size of the image formed by the naked eye 
as the focal length CR of the objective is greater than the focal length 
cR of the eye. Since the focal length of the eye is the same as that of 
the eyepiece, the magnifying power of the opera glass, like that of the astro¬ 
nomical telescope, is the ratio of the focal lengths of the objective and eyepiece. 
Objects seen with an opera glass appear erect, since the image formed 
on the retina is inverted, as is the case with images formed by the lens 
of the eye unaided. 

471. The stereoscope. Binocular vision. When an object is seen with 
both eyes the images formed on the two retinas differ slightly, because 
of the fact that the two eyes, on account of their 
lateral separation, are viewing the object from 
slightly different angles. It is this difference in the 
two images which gives to an object or landscape 
viewed with two. eyes an appearance of depth, or 
solidity, which is wholly wanting when one eye is 
closed. The stereoscope is an instrument which 
reproduces in photographs this effect of binocular 
vision. Two photographs of the same object are 
taken from slightly different points of view. These 
photographs are mounted at A and B (Fig. 436), 
where they are simultaneously viewed by the two p . 
eyes through the two prismatic lenses w. and n. ,',nim stereoKope 0 
these two lenses superpose the two images at C 
because of their action as prisms, and at the same time magnify them 
because of their action as simple magnifying lenses. The result is that 
the observer is conscious of viewing but one photograph; but this differs 






from ordinary photographs in that, instead of being fiat, it has all of 
the characteristics of an object actually seen with both eyes. 

The opera glass lias the advantage over the terrestrial telescope of 
affording the benefit of binocular vision ; for while telescopes are usually 
constructed with one tube, opera glasses always have two, one for each eye. 

472. The Zeiss binocular. The greatest disadvantage of the opera 
glass is that the field of view is very small. The terrestrial telescope 
has a larger field, but is of inconvenient length. An instrument called the 
Zeiss binocular (Fig. 4117) has 
recently come into use, which 
combines the compactness of the 
opera glass with the wide, iie.hl of 
view of the terrestrial telescope. 

'Fhe compactness is gained by 
causing the light to pass hack 
and forth through total reflect¬ 
ing prisms, as in the figure. 

These reflections also perform 
the function of reinverting the 
image, so that the real image 
which is formed at the focus of p ia . 437 . T lie Zeiss binocular 

the eyepiece is erect. 11 will be 

seen, therefore, that the instrument is essentially an astronomical telescope 
in which the image is reinverled by reflection, and in which the tube is 
shortened by letting the light pass back and forth between the prisms. 

A further advantage whieh is gained by the Zeiss binocular is due to 
the. fact that the two objectives are, separated by a distance which is 
greater than the distance, between the eyes, so that the stereoscopic 
effect is more prominent than with the unaided eye or with the ordinary 
opera glass.* 

QUESTIONS AND PROBLEMS 

1 . If a photographer wishes to obtain the full figure on a plate of 
cabinet size, does he place the subject nearer to or farther from the 
camera than if he wishes to take the head only? Why? 

2. The image, on the retina, of a book held a foot from the eye is 
larger than that of a house on the opposite side of the street. Why do 
we not judge that the book is actually larger than the house? 

•Laboratory experiments on the magnifying powers of lenses and on the con- 
stnie.tion of microscopes anil telescopes should follow this chapter. See, for 
example, Experiments 47, 48, and 40 of the authors’ manual. 
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3. What is the magnifying power of a |-i'n. lens used as a simple 
magnifier ? 

4. A telescope has an objective of 30 ft. focal length and an eyepiece 
of 1 in. focal length. What is its magnifying power? 

5. A stereopticon is provided with two lenses, one of 6 -in. and the 
other of 12-in. focal length. Which lens should be used if it is desired 
to get as large an image as possible on a screen at a fixed distance ? 

6. A compound microscope has a tube length of 8 in., an objective 
of focal length 1 in., and an eyepiece of focal length 1 in. What is its 
magnifying power ? 

7. Explain why a terrestrial telescope shows objects erect rather 
than inverted. 

8 . If the focal length of the eye is 1 in., what is the magnifying 
power of an opera glass whose objective has a focal length of 4 in. ? 

9. If the length of a microscope tube is increased after an object 
has been brought into focus, must the object be moved nearer to or 
farther from the lens in order that the image may be again in focus? 

10. The magnifying power of a microscope is 1000, the tube length 
is 8 in., and the focal length of the eyepiece is 1 in. What is the. focal 
length of the objective ? 

11. What sort of lenses are necessary to correct shortsightedness? 
longsightedness ? 




CHAPTER XX 

COLOR PHENOMENA 

Color and Wave Length 

473. Wave lengths of different colors. Let a soap film be formed 
across the top of an ordinary drinking glass, care being taken that both 
the solution and the glass are as clean as possible. Let a beam of sun¬ 
light or the light from a projecting lantern pass through a piece of 
red glass at A, fall upon the soap film F, and be reflected from it to a 
white screen S (see Fig.438). 

Let a convex lens L of from 
six to twelve inches focal 
length be placed in the path 
of the reflected beam in such 
a position as to produce an 
image of the film upon the 
screen S, that is, in such a 
position that film and screen 
are at conjugate foci of the 
lens. The system of red and 
black bands upon the screen 
is formed precisely as in 
§ 438, by the interference of 
the two beams of light com¬ 
ing from the front and hack 
surfaces of the wedge-shaped 
film. Let now the red glass 
be held in one half of the beam and a piece of green glass in the other 
half, the two pieces being placed edge to edge, as shown at A. Two 
sets of fringes will be seen side by side on the screen. The fringes will 
be red and black on one side of the image and green and black on 
the other; but it will be notified at once that the dark bands on the 
green side are closer together than the dark bands on the other side; 
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Fie. 438. Projection of soap-film fringes 
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in fact, seven fringes on the side of the film which is covered by the 
green glass will be seen to cover about the same distance as six fringes 
on the red side.* 

. Since it was shown in § 440 that the distance between two 
dark bands corresponds to ail increase of one-lialf wave length 
in the thickness of the film, we conclude, from the fact that 
the dark bands on the red side are farther apart than those on 
the green side, that red light must have a longer wave length 
than green light. .The wave length of the central portion of 
each colored region of the spectrum is roughly as follows: 

Red.000068 cm. Yellow.000058 cm. 

Green.000052 cm. Blue.000046 cm. 

Violet..000042 cm. 

Let the red and green glasses be removed from the path of the beam. 
The red and green fringes will be seen to be replaced by a series of 
bands brilliantly colored in different hues. These are due to the fact 
that the lights of different wave length 
form interference bands at different 
places on the screen. Notice that the 
upper edges of the bands (lower edges 
in the inverted image) are reddish; 
while the lower edges are bluish. We 
shall find the explanation of this fact 
in § 482. 

474. Composite nature of white 
light. Let a beam of sunlight pass 
through a narrow slit and fall on a 
prism, as in Fig. 489. The beam which 
enters the prism as white light is 
broken up into red, yellow, green, blue, and violet lights, although each 
color merges, by insensible gradations, into the next. This band of 
color is called a spectrum. 

W e conclude from this experiment that white light is a mix- 
• ture of all the colors of the spectrum, from red to violet inclusive. 

* The experiment may he performed at home by simply looking through red 
and green glasses at a soap film so placed as to reflect white light to the eye. 



Fio. 439. White light decom¬ 
posed by a prism 
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475. Color of bodies in white light. Let a piece of red glass be 
held in the path of the colored beam of lig'ht in the experiment of the 
preceding section. All the spectrum except the red will disappear, thus 
showing that all the wave lengths except red have been absorbed by the 
glass. Let a green: glass be inserted in the same way. The green portion 
of the spectrum will remain strong, while the other portions will be 
greatly enfeebled. Hence green glass must have a much less absorbing 
effect upon wave lengths which correspond to green than upon those 
which correspond to red and blue. Let the green and red glasses be held 
one behind the other in the path of the beam. The spectrum will almost 
completely vanish, for the red glass has absorbed all except the red rays, 
and the green glass has absorbed these. 

We conclude, therefore, that the color which a body has in 
ordinary daylight is determined by the wave lengths which 
the body has not the power of absorbing. Thus, if a body 
appears white in daylight, it is because it diffuses or reflects 
all wave lengths equally to the eye, and does not absorb one 
set more than another. For this reason the light which com.es 
from it to the eye is of the same composition as daylight or 
sunlight. If, however, a body appears red in daylight, it is 
because it absorbs the red rays of the white light which falls, 
upon it less than it absorbs the others, so that the light which 
is diffusely reflected contains a larger proportion of red wave 
lengths than is contained in ordinary light. Similarly, a body 
appears yellow, green, or blue when it absorbs less of one of 
these colors than of the rest of the colors contained in white 
light, and therefore sends a preponderance of some particular 
wave length to the eye. 

476. Color of bodies placed in. colored lights. Let a body which 
appears white in sunlight be placed in the red end of the spectrum. It 
will appear to be red. In the blue end of the spectrum it will appear to 
be blue, etc. This confirms the conclusion of the last paragraph, that 
a white body has the power of diffusely reflecting all the colors of the 
spectrum equally. 

Next let a skein of red yarn be held in the blue end of the spec¬ 
trum. It will appear nearly black. In the red end of the spectrum 
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it will appear strongly red. Similarly, a skein of blue yarn will appear 
nearly black in all the colors of the spectrum except blue, where it 
will have its proper color. 

These effects are evidently due to the fact that the red yarn, 
for example, has the power of diffusely reflecting red wave 
lengths copiously, but of absorbing, to a large extent, the others. 
Hence, when held in the blue end of the spectrum, it sends 
but little color to the eye, since no red light is falling upon it. 

477. Compound colors. It must not be inferred from the 
preceding paragraphs that every color except white has one 
definite wave length, for the same effect 
may be produced on the eye by a mix¬ 
ture of several different wave lengths as 
is produced by a single wave length. 

This statement may be proved by the 
use of an apparatus known as Newton’s 
color disk (Fig. 440). The arrangement 
makes it possible to rotate differently 
colored sectors so rapidly before the eye 
that the effect is precisely the same as 
though the colors came to the eye simul¬ 
taneously. If one half of the disk is red 
and the other half green, the rotating 
disk will appear yellow, the color being 
very similar to the yellow of the spec- Fta - 440. Newton’s 
trnm. If green and violet are mixed in col<)r tllHk 

the same way, the result will be light blue. Although the 
colors produced in this way are not distinguishable by tlie eye 
from spectral colors, it is obvious that their physical constitu¬ 
tion is wholly different; for while a spectral color consists of 
waves of a single wave length, the colors produced by mix¬ 
ture are compounds of several wave lengths. For this reason 
the spectral colors are called pure and the others compound. 
In order to tell whether the color of an object is pure or 
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compound, it is only necessary to observe it through a prism. 
If it is compound, the colors will be separated, giving an image 
of the object for each color. If it is pure, the object will appeal* 
through the" prism exactly as it does without the prism.' 

By compounding colors in the way described above we 
can produce many which are not found in the spectrum. 

I lius mixtures of rod and blue give purple or crimson; mix¬ 
tures of black with red, orange, or yellow give rise to the 
various shades of brown. Lavender may be formed by add¬ 
ing three parts of white to one of blue; lilac, by adding to 
fifteen parts of white four parts of red and one of blue; 
olive, by adding one part of black to two parts of green and 
one of red. 

478. Complementary colors. Since, white light is a combina¬ 
tion of all the colors from red to violet inclusive, it might be 
expected that if one or several of these colors were subtracted 
from white light, the residue would be colored light. 

To test this experimentally let a beam of sunlight be passed through 
a slit s, a prism P, and a lens L, to a screen S, arranged as in Tig. 441. 
A spectrum will bo formed at It V, tho position conjugate to the slit s, 
and a pure white spot will ap¬ 
pear on the screen when it is 
at the position which is con¬ 
jugate to the prism face ah. 

Let a card ho slipped into 
the path of the beam at R, 
so as to cut off the red portion 
of tho light. Tho spot on, S 
will appear a brilliant shade 
of greenish blue. This is tho 
compound color left after red 
is taken from tho white light. 'Phis shade of blue is therefore called the 
complementary color of the red which has been subtracted. Two comple¬ 
mentary colors are therefore defined as any two colors which produce 
white when added to each other. 

. Lot the card bo slipped in from the side of the blue rays at V. The 
spot will first take on a yellowish bint when the violet alone is cut out j 



Fie . 441. Recombination of spectral colors 
into white light 
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and as the card is slipped farther in, the image will become a deep shade 
of red when violet, blue, and part of the green are cut out. 

Next let a lead pencil be held vertically between R and V so as to cut off 
»fche middle part of the spectrum; that is, the yellow and green rays. The re¬ 
maining red, blue, and violet will unite to form a brilliant purple. In each 
case the color on the screen is the complement of that which is cut out. 

479. Retinal fatigue. Let the gaze, be fixed intently for not less 
than twenty or thirty seconds on a point at the center of a block of any 
brilliant color — for example, red. Then look off at a dot on a white 
wall or a piece of white paper, and hold the gaze fixed there for a few 
seconds.. The brilliantly colored block will appear on the white wall, 
but its color will be the complement of that first looked at. 

The explanation of this phenomenon, due to so-called "ret¬ 
inal fatigue,” is found in the fact that although the white sur¬ 
face is sending waves of all colors to the eye, the nerves which 
responded to the color first looked at have become fatigued, 
and hence fail to respond to this color when it comes from the 
white surface. Therefore the sensation produced is that due 
to white light minus this color; that is, to the complement of 
the original color. A study of the spectral colors by this 
method shows that the following colors are complementary. 

Red Orange Yellow Violet Green 

Bluish green Greenish blue Blue Greenish yellow Crimson 

480. Color of pigments. When yellow light is added to the 
proper shade of blue, white light is produced, since these 
colors are complementary. But if a yellow pigment is added 
to a blue one, the color of the mixture will be green. This is 
because the yellow pigment removes the blue and violet by 
absorption, and the blue pigment removes the red and yellow, 
so that only green is left. 

When pigments are mixed, therefore, each one subtracts cer¬ 
tain colors from white light, and the color of the mixture is that 
color which escapes absorption by the different ingredients. 
Adding pigments and adding colors , as in § 477, are therefore 
wholly dissimilar processes and produce widely different results. 
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481. Three-color printing. It is found that all colors can be 
produced by suitably mixing with the color disk (Fig. 440) 
three spectral colors, namely red, green, and blue-violet. 
These are therefore called the three ’primary colors. The so- 
called primary pigments arc simply the complements of these 
three primary colors. They are, in order, peacock blue, crim¬ 
son, and light yellow. The three primary colors when mixed 
yield white. The three primary pigments when mixed yield 
black, because together they subtract all the ingredients from 
white light. The process of three-color printing consists in 
mixing on a white background, that is, on white paper, the 
three primary pu/memts in the following way: Three differ¬ 
ent photographs of a given-colored object are taken, each 
through a filter of gelatin stained the color of one of the 
primary colors. From these photographs half-tone " blocks ” 
are made in the usual way. The colored picture is then made 
by carefully superposing prints from these blocks, using with 
each an ink whose color is the complement of that of the 
'* lilter ” through which the original negative was taken. The 
plate opposite page 400 illustrates fully the process. It will 
be interesting to examine differently colored portions with a 
lc.ns of moderate magnifying power. 

482. Colors of thin, films. The study of complementary colors 
has furnished us with the key to the explanation of the fact, 
observed in § 473, that the upper edge of each colored band 
produced by the water wedge is reddish, while the lower edge 
is bluish. The red oil the upper edge is due to the fact that 
there the shorter blue waves are destroyed by interference and 
a complementary red color is left; while oh the lower edge 
of each fringe, where the film is thicker, the longer red waves 
interfere, leaving a complementary blue. In fact, each wave 
length, of the incident light produces a set of fringes, and it is 
the superposition of these different sets which gives the result¬ 
ant colored fringes. Where the film is too thick the overlapping 
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is so complete that the eye is unable to detect any trace of 
color in the reflected light. 

In films which are of uniform thickness, instead of wedge- 
shaped, the color is also uniform, so long as the observer does 
not change the angle at which the film is viewed. With any 
change in this angle the thickness of film through which the 
light must pass in coming to the observer changes also, and 
hence the color changes. This explains the beautiful play of 
iridescent colors seen in soap bubbles, thin oil films, mother 
of pearl, etc. 

483. Chromatic aberration. It has heretofore been assumed 
that ah the waves which fall on a lens from a given source 
are brought to one and the same focus. But since blue rays 
are bent more than red ones in passing through a prism, it is 
clear that in passing through a lens the blue light must be 
brought to a focus at some point v (Fig. 442) nearer to the 
lens than r, where the red light is focused, and that the foci for 
intermediate colors must fall in intermediate positions. It is 
for this reason that an image 
formed by a simple lens is 
always fringed with color. 

Let a card be held at the -giG. 442. Chromatic aberration in a lens 
focus of a lens placed in a beam 

of sunlight (Fig. 442). If the card is slightly nearer the lens than the 
focus, the spot of light will be surrounded by a red fringe, for the red 
rays, being least refracted, are on''the outside. If the card is moved out 
beyond the focus, the red fringe will be found to be replaced by a blue 
one; for, after crossing at the focus, it will be the more refrangible rays 
which will then be found outside. 

This dispersion of light produced by ft lens is called chromatic 
aberration. 

484. Achromatic lenses. The color effect caused by the 
chromatic aberration of a simple lens greatly impairs its use¬ 
fulness. Fortunately, however, it has been found possible to 
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1. Yellow impression; negative lmuld through a hluc-violet liltor. 2 . <’.rim- 
1 impression; negative made through a green liltor. h. Orimson on yellow, 
llltto impression; negative made through a rod liltor. 5. Yellow, crimson, and 
>o. combined; Uio linal product. 

The squares at the loft show the colors of ink used in making each impression, 
-tico the different colors in 0, which are mudo hy combining the yellow, crimson, 
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eliminate this effect almost completely by combining into 
one lens a ' convex lens of crown glass and a concave lens 
of flint glass (Fig. 443). The first lens 
then produces both bending and disper¬ 
sion, while the second' almost completely 
overcomes the dispersion without entirely Flint 

overcoming the bending. Such lenses are Fm. 443. Anachro- 
called achromatic lenses. The first one was matic lens 
made by John Dollond in London in 1758. They are used 
in the construction of all good telescopes and microscopes. 

QUESTIONS AND PROBLEMS 

1. If a soap film is illuminated with red, green, and yellow strips of 
light, side by side, how will the distance between the yellow fringes 
compare with that between the red fringes ? with that between the green 
fringes ? (See table on page 394.) 

2 . What will be the apparent color of a red body when it is in a room 
to which only green light is admitted ? 

3. Why do white bodies look blue when seen through a blue glass? 

4 . What color would a yellow object appear to have if looked at 
through a bine glass ? (Assume that the yellow is a pure color.) 

5 . A gas flame is distinctly yellow as compared with sunlight. What 
wave lengths, then, must be comparatively weak in the spectrum of a 
gas flame? 

6 . If the green and the yellow are subtracted from white light, what 
will be the color of the residue ? 

7 . Will a reddish spot on an oil film be thinner or thicker than an 
adjacent bluish portion? 


Crown. 



Spectra 

485. The rainbow. A very beautiful spectrum with which 
every one is familiar is the rainbow . 

Let a spherical bulb F (Fig. 444) 14 or 2 inches in diameter be filled 
with water and held in 'the path of a beam t>f sunlight which enters the 
room through a hole in a piece of cardboard AB. A miniature rainbow 
will be formed on the screen around the opening, the violet edge of the 
bow being toward the center of the circle and the red outside. A beam of 
light which enters the flask at C is there both refracted and dispersed; 
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at D it is totally reflected; and at E it is again refracted and dispersed 
on passing out into the air. Since in both of the refractions the violet is 
bent more than the red, it is obvious that it must return nearer to the 
direction of the incident 
beam than the red rays. 

If the flask were a perfect 
sphere, the angle included 
between the incident ray 
OC and the emergent red 
ray ER would be 42°; and 
the angle between the inci¬ 
dent ray and the emergent 
violet ray EEwould be 40°. 

The actual rainbow 

seen in the heavens is ^ ... . . , . . 

Fig. 444. Artificial rainbow 

clue to the refraction 

and reflection of light in the drops of water hi the air, which 
act exactly as did the flask in the preceding experiment. If the 
observer is standing at E with his back to the sun, the light 
which comes from the drops so as to make an angle of 42° 
(Fig. 445) with, the line drawn from the observer to the sun 
must be red light; while the light which comes from drops 
which are at an angle 
of 40° from the eye 
must be violet light. 

It is clear that those 
drops whose direction 
from the eye makes 
any particular angle 

with the line drawn 
„ . Fig. 445. Primary and secondary rainbows 

from the eye to the 

sun must lie on a circle ydiose center is on that line. Hence 
we see a circular arc of light which is violet on the inner edge 
and red on the outer edge. 

486. The secondary bow. A second bow having the red on 
the inside and the violet on the outside is often seen outside 
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of the one just described, and concentric with it. This bow 
arises from rays which have suffered two internal reflections 
and two refractions, in the manner shown in Fig. 445. Since 
in this bow the emergent ray crosses the incident ray, it will 
be seen that the color which suffers the largest refraction must 
make the largest angle with the incident ray. Hence the violet 
which comes to the eye must come from drops which are farther 
from the center of the circlo than those which send the red. 
The red rays come from an angle of 51° and the violet rays 
from an angle of 54°. 


487. Continuous spectra. Lota Hansen burner arranged to produce 
a white*, flame bo. placed behind a slit ,s* (Fig. 44(3). Let the slit be viewed 
through a prism 7\ The spectrum will be a continuous band of color. 
If, then, the air is admitted at 

the base of the burner, and __ 

if a clean platinum wire is |jf_.- - 

hold in the flame directly in “ E 

front of the slit, the white-hot —-jL 

platinum will also give a con- AL^ 

tinuous spectrum.* af 

All incandescent solids 
and liquids are found to , 

giro spectra of this type for viewing spectra 

which contain all the wave lengths from the extreme red to 
the extreme violet. The continuous spectrum of a luminous gas 
flame is due to the incandescence of solid particles of carbon 
suspended in tlie flame. The presence of these solid particles 
is proved by the fact that soot is deposited on bodies held 
in a white flame. 


488. Bright-line spectra. Let a Int of asbestos or a platinum wire 
be dipped into a solution of common salt (sodium chloride) and held in 
the flame, care being taken that the. wire itself is held so low that the 


• By far the most satisfactory way of performing these experiments with spectra 
is to provide the class with cheap plate-glass prisms like those used in Experb 
mont HO of the authors’ manual, rather than to attompt to project line spectra. 
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spectrum due to it cannot be .seen. The continuous spectrum of the 
preceding' paragraph will be replaced by a clearly defined yellow image 
of the slit; which occupies the position o| the \elln\v portion of j| u » 
spectrum. This shows that the light I nun tin* sodium llaiue is not a 
compound of a number of wave lengths, but is ml her ol just, the wave 
length which corresponds to this particular shade ol \dlow. The light 
is now coming from the incandescent sodium vapor and not from an 
incandescent solid, as in the preceding experiments. 

Let another platinum win* be dipped in a solution of lithium chloride 
and held in the flame. Two distinct images id’ the slit, / ami 
(Fig. '14(i), will be. seen, one in yellow and tun- in red. Let ealchun 
chloride be, introduced into the flame. One distinct image of the slit 
will be seen in the- green and another in the red. .Strontium chloride 
will give a blue and a red image, etc. ('Pin* yellow sodium image will 
probably bo present, in each ease, because sodium is present us an 
impurity in nearly all salts.) 

Those narrow images of llut slit, in the different. oolorH am 
called tilio (tltarao.feristic xpectral linex of the Hulistauec.s, The 
experiments show that incandescent, vapors and gases give rise 
to bright-line xpectra, and not continuous spectra like those 
produced by incandescent solids and liquids. The method of 
analyzing compound substances through a study of the lines 
in the spectra of their vapors is called xpectrum tutttfgxix. It 
was first used by the (Herman chemist Bunsen in lHnU. 

489. The solar spectrum, bet a beam of sunlight pass first ‘ 
through a narrow slit S (Fig. *H7), not. more than J| millimeter in width, 
then through a prism I\ and finally let. it fall on a screen .s', as shown In 
Fig. 447. Let the position of the prism be changed until a beam of 
white light is reflected from one of its faces to that portion of the screen 
which was previously occupied hy the central jM>rlion of the apeetrmu. 
Then lot a lens L he placed between the prism and the slit, and moved 
hack and forth until a perfectly sharp white image of the nlit is formed 
on the screen. This adjustment is tnadc in order to get the slit .S' and 
the screen S' in the positions of conjugate fwi of the lens. Now let the 
prism be turned to its original position. The sjtertrum on the screen 
will, then consist of a series of colored images of the slit arranged aide 
by side. This is called a pure spectrum, to distinguish it from the spec¬ 
trum shown in Fig. 4110, in which no lens was tt«<d to bring the rays of 
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each particular color to a particular point, and in which, there was 

therefore much overlapping of the different colors. If the slit and screen 

are exactly at conjugate foci of the lens, and if the slit is sufficiently 

narrow, the spectrum will be 

seen to be crossed vertically by s f P 

certain dark lines'. j , A , 

'These lines were first oh- | s 

served by the Englishman 
Wollaston in 1802, and 

were lirst studied carefully / 

by the German Fraunhofer 

. h on I i . -i , the. 447. Arrangement for obtaining a 

m 1814, who com) tod and Vatnm. 

mapped out as many as 

seven hundred of them. They are called after him, the Fraun¬ 
hofer linen. Their existence in the solar spectrum shows that 
certain wave lengths are absent from sunlight, or, if not entirely 
absent, are at least much weaker than their neighbors. When 
the experiment is performed as described above it will usually 
not be possible to count more than live or six distinct lines. 


490. Explanation of the Fraunhofer lines. Let the solar spec¬ 
trum bo projected as in § 48!). Let a few small bits of metallic sodium 
be laid upon a loose wad of asbestos which has beam saturated with 
alcohol. Let the asbestos so prepared be held to the left of the slit,, or 
between the slit and the hois, and then 1 , ignited. A black band will at 
once appear in the yellow poi’tion of the spectrum, at the place where 
the color is exactly that of the, sodium flame itself; or if the focus was 
sufficiently sharp so that a dark line could be seen in the yellow before 
the sodium was introduced, this line will grow very much blaqkerwhen 
the sodium is burned. Evidently then this dark line in the yellow part 
of the solar spectrum is due, in some way to sodium vapor through which 
the sunlight has somewhere passed. 

The experiment at once suggests the explanation of the 
Fraunhofer linen. The white light which in emitted by tlie 
hot nucleus of the sun, and which contained all wave lengths, 
has had certain wave lengths weakened by absorption as it 
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passed through the vapors and gases surrounding the sun and 
the earth. For it is found that every gas or mmmm 


vapor will absorb exactly those ivave lengths which 
it itself is capable of emitting when incandescent. 
T his is for precisely the same reason that a 



tuning fork will respond to, that is, absorb, 
only vibrations which have the same period 
as those which it is itself able to emit. Since, 
then, the dark line in the yellow portion of 



the sun’s spectrum is in exactly the same place 
as the bright yellow line produced by incandes¬ 
cent sodium vapor, or the dark line which is 
produced whenever white light shines through 
sodium vapor, we infer that sodium yap or must 
be contained in the sun’s atmosphere. By com¬ 
paring in this way the positions of the lines 
in the spectra of different elements with the 
positions of various dark lines in the sun’s 
spectrum, many of the elements which exist 
on the earth have been proved to exist also in 
the sun. For example, the German physicist 
Kirchhoff showed that the four hundred sixty 
bright lines of iron which were known to him 
were all exactly matched by dark lines in the 



solar spectrum. Fig. 448 shows a copy of a 
photograph of a portion of the solar spectrum 
in the middle, and the corresponding bright- 
line spectrum of iron each side of it. It will 



be seen that the coincidence of bright and 
dark lines is perfect. 



491. Doppler’s principle applied to lightwaves. We 
have seen (see Doppler’s principle, § 398, p. 321) that 
the effect of the motion of a sounding body toward an 
observer is to shorten slightly the wave length of the 


I 


Fig. 448. Com¬ 
parison of solar 
and iron spectra 
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note emitted, and the effect of motion away from an observer is to 
increase the. wave length. Similarly, when a star is moving toward 
the earth each particular wave length emitted will be slightly less than 
the wave length of the corresponding light from a source on the earth’s 
surface, lienee in this star’s .spectrum all the lines will be displaced 
slightly toward the violet end of the spectrum. If a star is moving 
away from the earth, all its lines will be displaced toward the red end. 
From the direction and amount of displacement, therefore, we can cal¬ 
culate. the velocity with which a star is moving toward or receding from 
the, solar system. Observations of this sort have shown that some stars 
are moving through space toward the solar system with a velocity of 
lfiO miles per second, while others are moving away with almost equal 
velocities. The whole solar system appears to be sweeping through 
space, with a velocity of about 12 miles pur second; but even at this rate 
^t would be. at least 1,000,000 years before the earth would come into 
the. neighborhood of the nearest star, even if it were moving directly 
toward if. 


QUESTIONS AND PROBLEMS 

1. In what part of the, sky will a rainbow appear if it is formed in 
the early morning? 

2 . Is a how seen at 4 o'clock in the afternoon higher or lower than 

a how seen at 5 o’clock on the. same day? * 

3. Why is a rainbow never seen during the. middle part of the day? 

4. If you look at a broad sheet of white paper through a prism, it will 
appear red at one. edge, and blue, at the other, but white in the middle. 
Explain why the middle, appears uncolored. 

5. What evidence, have, we, for believing that there is sodium in the 
sun ? 

6. What sort of a spectrum should moonlight give ? (The moon has 
no atmosphere.) 

7. If you were given a mixture of a number of salts, how would you 
proceed with ft Hansen burner, a prism, and a slit, to determine whether 
or not there was any calcium in the mixture.? 

8 . Can you see any reason why tlm vibrating molecules of an. incan¬ 
descent gas might be expected to give out a few definite wave lengths, 
while the particles of an incandescent solid give out all possible wave 
lengths ? 

9 . Can you see any reason why it is necessary to have the slit narrow 
and the slit and screen at conjugate foci of the lens in order to show 
the. Fraunhofer lines in the experiment of § 489? 



CHAPTER XXI 

INVISIBLE RADIATIONS 

Radiation from a Hot Body 


492. Invisible portions of the spectrum. When a spectrum 
is photographed the effect on the photographic plate is found 
to extend far beyond the limits of the shortest visible violet 
rays. These so-called ultra-violet rays have been photographed 
and measured by Lyman of Harvard down to a wave length 
of .00001 centimeter, which is only one fourth 
the wave length of the shortest violet waves. 

The longest rays visible in the extreme red 
have a wave length of about .00008 centime¬ 
ter, but delicate thermoscopes reveal a so-called 
infra-red portion of” the spectrum, the investiga¬ 
tion of which was carried in 1912, by Rubens and 
von Bseyer of Berlin, to wave lengths as long as 
.03 centimeter, 400 times as long as the longest 
visible rays. 

The presence of these long heat rays may be detected 
by means of the radiometer (Fig. 449), an instrument 
perfected by E. F. Nichols of Dartmouth. In its common 
form it consists of a partially exhausted bulb, within, which is a little 
aluminium wheel carrying four vanes blackened on one face and polished 
on the other. When the instrument is held in sunlight or before a lamp, 
the vanes rotate in such a way that the blackened faces always move 
away from the source of radiation because they absorb ether waves 
better than do the polished faces, and thus become hotter. The heated 
air in contact with these faces then exerts a greater pressure against 
them than does the air in contact with the polished faces. The more 
intense the radiation, the faster is the rotation. 
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Fig. 449. Tins 
Croolces radi¬ 
ometer 
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A still simpler way of studying these long heat waves was devised 
in 1012 by Trowbridge of Princeton. A rubber band AC (Fig. 450) a 
millimeter wide is stretched to double its length over a glass plate 
FCIll, and the thinnest possible glass staff ED, car¬ 
rying a light mirror E about 2 millimeters square, is 
placed under the rubber band at its middle point B. 

When the spectrum is thrown upon the portion AB 
of the band, the change in its length produced by 
the heating causes ED to roll, and a spot of light 
reflected from E to the wall to shift its position 
by an amount proportional to the heating. 

Let either the radiometer or the thermoscope 
described above be placed just beyond the red end of 
the spectrum. It will indicate the presence of heat 
rays hero of even greater energy than those in the 
visible spectrum. Again, let a red-hot iron ball and one of the detectors 
be. placed at conjugate foci of a large mirror (Fig. 451). The invisible 
heat rays will he found to he reflected and focused just as are light 
rays. Ne.xb let a flat bottle filled with water he inserted between the 
detector and any smm:e of heat. It will he. found that water, although 
transparent to light rays, absorbs nearly all of the, infra-red rays. But 
if the water is replaced by carbon bisulphide, the infra-red rays will 
be freely transmitted, 
even though the liquid 
is rendered opaque to 
light waves by dissolv¬ 
ing iodine in it. 

493. Radiation and 
temperature. All bod¬ 
ies, even such as arc 
at ordinary tempera- Fig. 451. Reflection of infra-red rays 
turns, are continually 

radiating energy in the form of ether waves. This is proved by 
the fact that even, if a body is placed in the best vacuum ob¬ 
tainable, it continually falls in temperature when surrounded 
by a colder body, such, for example, as liquid air. The ether 
waves omitted at ordinary temperatures are doubtless very 
long as compared with light waves. As the temperature is 



fa o 



Fin. 450. A simple 
thermoscope 
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raised, more and more of those long waves are emitted, hut 
shorte.r and shorter waves are continually added. At about 
525° 0. the first, visible a u\ es, that is, those of a dull rail 
color, begin to appear. From this temperature on, owing t,o 
the addition of shorter and shorter \\a\es, the color changes 
continuously first to orange, then to \elh>w, and finally, 
between HOO 1 ' ('. and lliOO'T,, to white. In other words, all 
bodies get " red-hot.” at about filin'' (uud "white-hot” at 
from 800° ('. to UiOO'T. 

Home idea of how rapidly the total radiation of ether waves 
increases with inrrea.se of temperature may lie obtained from 
the fact that a hot platinum wire gives out thirty-six times 
as much light at. 14(H)“ (as it dues at luoirt’., although 
at the latter temperature it. is already white-hot. The radi¬ 
ations from a hot body are sometimes classified us heat 
rays, light rays, and ehemieal or uetiuie mys. The elussift- 
eation is, however, misleading, since all ether au\es are heat 
waves, in the-sense, that when ahsorlwd by matter they pro¬ 
duce heating effects; that is, molecular motions. Radiant 
heat ■/#, (fit vu the radiateii energg >>/ ft her iraem »/ aug aiul till 
wave length, 

» 494. Radiation and absorption. Although all substances 

begin to emit waves of a given wave length at approximately 
the same temperature, the total rate of emission of energy at a 
given temperature varies greatly with the nature of the radiat¬ 
ing surface. In general, experiment shows thut #urtae,n ivhieh 
tire good almtrher* of ether radiation* are aim* goml radiator*, 
From this if follows that \turfaee* udiieh are good rejtfetor*^ like 
the polished metals, mmt he poor radiator*. 

Thun, let two sheets of tin, f» nr in centimeter# Mjuarr, ****** brightly 
polish ad and the other revered on one side with lampblack, 1«< placed 
in vertical planes about 10 centimeters apart, the lampblack*-*! side of 
one facing the pallahed side of the other, bet a Mttml! ball he stuck 
with a hit of wax to the outer fare of each. Then let a hot metal 
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plate or ball (Fig. 452) be iield midway between the two. The wax on 
the tin with the blackened face will melt and its ball will fall first, 
showing that the lampblack ab¬ 
sorbs the heat rays faster than 
does the polished tin. Now 
let two blackened glass bulbs 
be connected, as in Fig. 45!5, 
through a U-tube containing 
colored water, and let a well- 
polished tin can, one side of 
which has been blackened, be 
filled with boiling water and 
placed between them. The mo¬ 
tion of the water in the U-tube 



Ft e.452. Good re¬ 
flectors are poor 
absorbers 


Fig. 458. Good ab¬ 
sorbers are good 
radiators 


will show that the blackened side of the can is radiating heat much more 
rapidly than the other, although the two are at the same temperature. 


QUESTIONS AND PROBLEMS 

1. When one is sitting in front of an open grate fire does he receive 
most heat by conduction, convection, or radiation? 

2. The atmosphere is transparent to most of the sun’s rays. Why 
are the Tipper regions of the atmosphere so much colder than the lower 
regions ? 

3. Sunlight in coming to the eye travels a much longer air path 
at simriHe and sunset than it docs at noon. Since the sun appears 
rod or yellow at these times, what rays are absorbed most by the 
atmosphere Y 

4. Glass transmits all the visible waves, but does not transmit the 
long infra-red rays. Hence explain the principle of the hotbed. 

5. Which will be cooler on a hot day, a white hat or a black one? 

6 . Will tea cool more quickly in a polished or in a tarnished metal 
vessel? 

7. Which emits tins more red rays, a white-hot iron or the same iron 
when it is red-hot ? 

8 . Liquid air flasks and thermos bottles are doubled-walled glass 
vessels with a vacuum between the walls. Liquid air will keep many 
times longer if the glass walls are silvered than if they are not. Why? 
Why is the space between the walls evacuated? 
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Electrical Radiations 


495. Proof that the discharge of a Leyden jar is oscillatory. 

We found in § 419, p. 340, that the sound waves sent out 
by a sounding tuning fork will set into vibration an adjacent 
fork, provided the latter has the same natural period as the 
former. The following is the complete electrical analogy of 
this experiment. 

Let the inner and outer coats of a Leyden jar A (see Fig. 454) be 
connected by a loop of wire cdef, the sliding crosspiece de being arranged 
so that the length of the loop may be altered at will. Also let a strip 
of tin foil be brought over the edge of this jar from the inner coat to 
within about 1 millimeter 


of the outer coat at C. Let 
the tw® coats of an exactly 
similar jar B be connected 
with the knobs n and n' by 
a second similar wire loop 
of fixed length. Let the 
two jars be placed side by 
side with their loops par¬ 
allel, and let the jar B be 



Fig. 454. Sympathetic electrical vibrations 


successively charged and discharged by connecting its coats with a 
static machine or an induction coil. At each discharge of jar B through 
the knobs n and n' a spark will appear in the other jar at C, provided 


the crosspiece de is so placed that the areas of the two loops are equal. 
When de is slid along so as to make one loop considerably larger or 
smaller than the other, the spark at C will disappear. 


The experiment therefore demonstrates that two electrical 
circuits, like two tuning forks, can be tuned so as to respond to 
each other sympathetically, and that just as the tuning forks 
will cease to respond as soon as the period of one is slightly 
altered, so this electric resonance disappears when the exact 
symmetry of the two circuits is destroyed. Since, obviously, 
this phenomenon of resonance can occur only between systems 
which have natural periods of vibration, the experiment proves 
that the discharge of a Leyden jar is a vibratory, that is, an 
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oscillatory, phenomenon. As a matter of fact, when such a 
spark is viewed in a rapidly revolving mirror it is actually found 
to consist of from ten to thirty flashes following each other at 
equal intervals. Fig. 455 is a photograph of such a spark. 

hi spite of these oscillations the whole discharge may 'be 
made to take place in the incredibly short time of TWWnVvrrrrr 
of a second. This fact coupled 
with the extreme brightness of 
the spark has made possible the 
surprising results of so-called 
instantaneous electric-spark pho¬ 
tograph i/. The plate opposite 
page 414 shows the passage of 
a bullet through a soap bubble. The film, was rotated contin¬ 
uously instead of intermittently, as in ordinary moving-picture 
photography. The illuminating flashes, 5000 per second, were 
so nearly instantaneous that the outlines are not blurred. 

496. Electric waves. The experiment of § 495 demonstrates 
not only that the discharge of a Leyden jar is oscillatory, but 
also that these electrical oscillations set up in the surrounding 
medium disturbances, or waves of some sort, which travel to a 
neighboring circuit and act upon it precisely as the air waves 
acted on the second tuning fork in the sound experiment. 
Whether these are waves in the air, like sound waves, or dis¬ 
turbances in the ether, like light waves, can be determined by 
measuring their velocity of propagation. The first determina¬ 
tion of this velocity was made by Heinrich Hertz in Germany 
in 1888. He found it to be precisely the same as that of light; 
that is, 300,000 kilometers per second. This result shows, there¬ 
fore, that electrical oscillations set up waves in the ether. These 
waves are now known as Hertz waves. 

The length of the waves emitted by the oscillatory spark 
of instantaneous photography is evidently very great, namely, 
about VoiTcToTTiTT = 30 meters, since the velocity of light is 



Fig. 455. Oscillations of the 
electric spark 
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300,000,000 motors per mccoikI, ami since there are 10,000,000 
oscillations per second ; for we have seen in $ 303, p. 31H, 
that wave- length is equal to velocity divided In t!u* number 
of oscillations per second. By diminishing the size of the jar 
and the length of the. circuit the length of the wa\ cs may lm 
greatly reduced. By causing the electrical discharges to take, 
plae.e between two balls only a fraction of a millimeter in 
diameter, instead of between tilt* coats of a condenser, elec¬ 
trical waves have been obtained as short as ,3 centimeter, 
only ten times as long as the longest measured heat waves, 

497. The coherer. In the experiment of § 1U.*> we defected 
the presence of the electrical waves by means of a small spark 
gap C in a circuit almost identical with that in which the 
oscillations were set up. This same means »m\ he employed 
for the detection of waves many feet away from the source, 
but the instrument with which electromagnetic waves were 
first detected hundreds of miles away from the source was the 
ooherer. Its principle is illustrated in the following experiment! 

Let a glass tube several centimeters tong amt <? or H millimeters in 
diameter be filled with fine brass nr niekel filings, and let ropj««r wires 
be thrust into these tilings within a distance of about % centimeter of 
each other. Let these wires lie emmerted in scries with a Banted call 
and a simple D’Arsonval galvanometer. Tim remsiiinee of the bona 
contacts of the filings will be so great that very Utile current will flow 
through the circuit Now let a static machine be started many feel 
away. The galvanometer will show a strong defteetinu as »«»n m anpark 
passes between the knobs of the electrical machine. This in txviuuw the 
.electric waves, as soon as they fall upon tin* tilings, i'«iw them to cohere ’ 
or cling together, so that the elertrieul rebalance of the tube of filings it 
reduced to a small fraction of what, it was before. If the f»bo In tapped 
with a pencil, the old resistance will be restored, b-rmwo the filings have 
been broken apart by the jar. Tim «*x|mriment may then b< related, 

498. Wireless telegraphy. Tim last exjmriment Ulimtmtes completely 
the method of transmitting wireless meiwagoN during the first decade 
after Marconi, in IKON, had realized commercial wireless telegraphy, 
At present the essential elements of the Mammi system of wlrtdw* 
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r ihn miswiln may bo followed easily. 1L will bo soon that tlio bubble 
rbeii I bn build. ontora, but wlmu it omergon. (Krom" Moving ricturoH,” 
liy V. A, 'I'albol,, Courtesy of J, 15. Lippineotl Company) 
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telegraphy are as follows : The transmitter consists of an ordinary induc¬ 
tion coil or transformer !\, through the primary of which [Fig. 45G, (1)] 
a current is sent from the alternator A. The secondary S of this trans¬ 
former charges the condenser (,\ until its potential rises high enough to 
cause a spark discharge to take place across the gap s. This discharge 
of C\ is oscillatory (§ 495), the frequency being of the order of 1,000,000 
per second, but subject to the control of the operator through the slid¬ 
ing contacts c, precisely as in the. case illustrated in Fig. 454. The 


( 1 ) ( 2 ) 



Fiu. 45(5. Transmitting and receiving stations for wireless telegraphy 
(1) Transmitting station; (2) receiving station 


oscillations in this condenser circuit induce oscillations in the aSrial-wire 
system, which is tuned to resonance with it through the sliding contact c'.* 

The waves sent out by this aOrial system induce like oscillations in 
tho ahrial system of the receiving station [Fig. 450, (2)], it may be thou¬ 
sands of miles away, which is tuned to resonance with it through the 
variable capacity (\ and '‘inductance” B. These oscillations induce 
exactly similar ones in tho condenser circuits / x , / 2 , and I 8 , all of which 
arc tuned to resonance with the receiving alirial system. The detector 
of the oscillations in /„ is simply a crystal of carborundum D in series 
with a telephone receiver R. This crystal, like the mercury arc of § 884, 

* In tho diagram an arrow drawn diagonally across a condenser indicates that 
for the sake of tuning the condenser is made adjustable. Similarly, an arrow 
across two circuits coupled inductively, like the primary and secondary of the 
" oscillation transformer,” Tg, indicates that tho amount of interaction of the two 
circuits can he varied, as, for example, by sliding one coil a larger or smaller 
distance inside tho other. 
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has the property of transmitting a current in one direction only. Were 
it not for this property the telephone could not be used as a detector 
because the frequency is so high — of the order of a million. In view 
of this property, however, while the oscillations of a given spark last, an 
intermittent current passes in one direction and then ceases until the 
oscillations of the next spark arrive. Since from 300 to 1000 sparks pass 
at s per second when the key K is closed, the operator hears a musical 
note of this frequency as long as K is depressed. Long and short notes 
then correspond to the dots and dashes of ordinary telegraphy. 

The stretching of the aerial wires horizontally instead of vertically, 
as was formerly done, permits to some extent of directive sending and 
receiving, for as in the experiment of § 495 the sending and receiving 
wires work best when they are parallel. 

The three tuned circuits, I v 1I 3 , are used because such a series of 
tuned circuits does not pick up waves of other periods. F or "nonselec- 
tive ” receiving these circuits are omitted and the detector and tele¬ 
phone are placed directly across the condenser C s . The resistance of 
the telephone is so high that it does not interfere with the oscillations 
of the condenser system across which it is placed. 

499. The electromagnetic theory of light. The study of 
electromagnetic radiations, like those discussed in the pre¬ 
ceding paragraphs, has shown not only that they have the 
speed of light, but that they are reflected, refracted, and 
polarized; in fact, that they possess all the properties of light 
waves, the only apparent difference being in their greater 
wave length. Hence modern 'physics regards light as an electro - 
magnetic phenomenon; that is, light waves are thought to be 
generated by the oscillations of the electrically charged parts 
of the atoms. It was as long ago as 1864 that Clerk-Maxwell, 
of Cambridge, England, one of the world’s most brilliant 
physicists and mathematicians, showed that it ought to be 
possible to create ether waves by means of electrical disturb¬ 
ances. But the experimental confirmation of his theory did 
not come until the time of Hertz’s experiments (1888), 
Maxwell and Hertz together, therefore, share the honor of 
establishing the modern electromagnetic theory of light (p. 54), 
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Cathode and Rontgen Rays 

500. The electric spark in partial vacua. Let a and h (Fig. 457) 

be the terminals of an imluetion eoil or static machine, e and/ electrodes 
sealed into a glass tube GO or 80 centimeters long, <y a rubber tube lead¬ 
ing to an air pump by which the tube may be exhausted. Let the coil 
be started before the exhaustion is begun. A spark will pass between a 
and b, since ah is a very much shorter path than if Then let the tube be 
rapidly exhausted. Wlum the pressure has been reduced to a few centi¬ 
meters of mercury the discharge will be, seen to choose the long path e/in 
preference to the short path ah, a -5 

thus showing that an electrical 
discharge takes place more read¬ 
ily through a partial vacuum than 
through air at ordinary pressures. 

Wln;n the spark first be¬ 
gins to pass between c and 
/ it will have the appearance of a long ribbon of crimson light. 
As the pumping is continued this ribbon will spread out until 
the crimson glow fills the whole tube. Ordinary so-called 
Geisslcr tubes are tubes precisely like the above, except that 
they are usually twisted into fantastic shapes, and are some¬ 
times surrounded with jackets containing colored liquids, 
which produce pretty color effects. 

501. Cathode rays. When a tube like the above is exhausted 
to a very high degree, say, to a pressure of about .001 milli¬ 
meter of mercury, the character of the discharge changes 
completely. The glow almost entirely disappears from the 
residual gas in the tube, and certain invisible radiations called 
cathode rai/s are found to be emitted by the cathode (the 
terminal of the tube which is connected to the negative ter¬ 
minal of the eoil or static machine). These rays manifest 
themselves first by the brilliant fluorescent effects which they 
produce in the glass walls of the tube, or in other substances 
within the tube upon which they fall; second, by powerful heat¬ 
ing effects; and third, by the sharp shadows which they cast 
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Thus, if the negative electrode is concave, as in Fig. 458, and a piece 
of platinum foil is placed at the center of the sphere of which the cathode 
is a portion, the rays will come to a focus upon a + 

small part of the foil and will heat it white-hot, thus ^J|L 
showing that the rays, whatever they are, travel out 
in straight lines at right angles to the surface of 
the cathode. This may also be Bhown nicely by an 
ordinary bulb of the shape shown in Fig. 460. If the 
electrode A is made the cathode and B the anode, a J|| 

sharp shadow of the piece of platinum in the middle uSi 
of the tube will be cast on the wall opposite to A , thus - 

showing that the cathode rays, unlike the ordinary JjL 

electric spark, do not pass between the terminals of 
the tube, but pass out in a straight line from the Fig< 4 68 . Heating 
cathode surface. effect of cathode 

502. Nature of the cathode rays. The na- rays 

ture of the cathode rays was a subject of much dispute between 
the years 1875, when they first began to be carefully studied, 
and 1898. Some thought them to be streams , 

of negatively charged particles shot off with | 

great speed from the surface of the cathode, ^ 

while others thought they were waves in the J| 

ether — some sort of invisible light. The fol- jl 

lowing experiment furnishes very convincing B 

evidence that the first view is correct. % 

NP (Fig. 459) is an exhausted tube within which 1| ^3^*" 

has been placed a screen sf coated with some sub- II 

stance like zinc sulphide, which fluoresces brilliantly m Ml n 
when the cathode rays fall upon it; mn is a mica ImM 
strip containing a slit s. This mica strip absorbs all • JvW~ 
the cathode rays which strike it; but those which 3 
pass through the slit s travel the full length of the 3 

tube, and although they are themselves invisible, their ^ 
path is completely traced out by the fluorescence t j Qn ‘ ’ catbo( j e 
which they excite upon s/as they graze along it. If a raya by a magne ® 
magnet M is held in the position shown, the cathode 
rays will be seen to be deflected, and in exactly the direction to be 
expected if they consisted of negatively charged particles. For we 
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learned in § 308, p. 240, that a moving charge constitutes an electric 
current, and in § 300, p. 287, that an electric current tends to move in 
an electric held in the direction given by the motor rule. On the other 
hand, a magnetic field is not known to exert any influence whatever on 
the direction of a beam of light or on any other form of ether waves. 


When, in 1895, J. J. Thomson, of Cambridge, England, 
proved that the cathode rays,were also deflected by electric 
charges, as was to be expected if they consist of negatively 
charged particles, and when Perrin in Paris had proved that 
they actually impart negative charges to bodies on which they 
fall, all opposition to the projected-particle theory was aban¬ 
doned. The mass and speed of these particles are computed 
from their doflectibility in magnetic and electric fields. 

Cathode rays are then to-day universally recognized as streams 
of electrons shot off from the surface of the cathode with speeds 
which may reach the stupendous value of 100,000 miles per second. 

503. X rays. It was in 1895 that the German physicist, 
Rontgen, first discovered that wherever the cathode rays im¬ 
pinge upon the walls of a tube, or upon any obstacles placed 
inside the tube, they give rise to another type of invisible 


radiation which is now 
known under the name of 
X rays, or Rontgen rays. 
In the ordinary X-ray tube 
(Fig, 400) a thick piece 
of platinum P is placed 
in the center to serve as 
a target for the cathode 



Fio. 400. An X-ray bulb 


rays, which, being emitted at right angles to the concave sur¬ 


face of the cathode (7, come to a focus at a point on the 


surface of this plate. This is the point at which the X rays 
are generated and from which they radiate in all directions. 


In order to convince oneself of the truth of this statement, it is only 
necessary to observe ’an X-ray tube in action. It will be seen to be 
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divided into two hemispheres by the plane which contains the platinum 
plate (see Fig. 460). The hemisphere which is facing the source of the 
X rays will be aglow with a greenish fluorescent light, while the other 
hemisphere, being screened from the rays, is darker. By moving a 
« fluoroscope (a zinc sulphide screen) about the tube it will be made evident 
that the rays which render the bones visible (Fig. 461) come from P. 

504. Nature of X rays. While X rays are like cathode rays 
in producing fluorescence, and also in that neither of them can 
be reflected, refracted, or polarized, as is light, they nevertheless 
differ from cathode rays in several important respects. First, 
X rays penetrate many substances which are quite impervious 
to cathode rays; for example, they pass through the walls of 
the glass tube, while cathode rays ordinarily clo not. Again, 
X rays are not deflected either by a magnet or by an electro¬ 
static charge, nor do they carry electrical charges of any sort. 
Hence it is certain that they do not consist, like cathode rays, 
of streams of electrically charged particles. Their real nature 
is still unknown, but they are at present generally regarded as 
irregular pulses in the ether, set up by the sudden stopping of 
the cathode-ray particles when they strike an obstruction. 

505. X rays render gases conducting. One of the notable 
properties which X rays possess in common with cathode rays 
is the property of causing any electrified body on which they 
fall to slowly lose its charge. 

To demonstrate the existence of this property, let any X-ray bulb be 
set in operation within 5 or 10 feet of a charged gold-leaf electroscope. 
The leaves at once begin to fall together. 

The reason for this is that the X rays shake loose electrons 
. from the atoms of the gas and thus fill it with positively and 
negatively charged particles, each negative particle being at the 
instant of separation an electron, and each positive particle an 
atom from which an electron has beemdetached. Any charged 
body in the gas therefore draws toward itself charges of sign 
opposite to its own, and thus becomes discharged. 
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506. X-ray pictures. The most striking property of X rays 
is their ability to pass through many substances which are 
wholly opaque to light, such, for example, as cardboard, wood, 
leather, flesh, etc. Thus, if the hand is held 
oloso to a photographic plate and then ex¬ 
posed to X rays, a shadow picture of the 
denser portions of the hand, that is, the 
bones, is formed upon the- plate. Fig. 461 
shows a copy of such a picture',. 

Radioactivity 

507. Discovery of radioactivity. In 1896 

Henri ISecquerol, in Paris, performed the 
following experiment. Ilo wrapped a photo¬ 
graphic plate in a piece of perfectly opaque Fig. 461. An x-ray 
black paper, laid a coin on top of the paper, P icture °f a ^ing 
and suspended above the coin a small quan- hand 

'tity of the mineral uranium, lie then set the whole away 
in a dark room and let it stand for several days. When he 
developed the photographic plate ho found upon it a shadow 
picture of the coin similar to an X-ray picture. He concluded, 
therefore, that uranium possesses the ‘property of spontaneously 
emitting rays of some sort which have the power of penetrat¬ 
ing opaque objects and of affecting pholoyraphie plates , just as 
X rays do. lie also found that these rays, which he called 
uranium rays , are like X rays in that they discharge electri¬ 
cally charged bodies on which they fall. He found also that 
the rays are emitted by all uranium compounds. 

508. Radium, It was imt a few months after Becquerel’s 
discovery that Madame Curie, in Paris, began an investigation 
of all the known elements, to find whether any of the rest of 
them possessed the remarkable property which had been found 
to bo possessed by uranium. She found that one of the remain¬ 
ing known elements, namely thorium, the chief constituent 




422 


INVISIBLE RADIATIONS 


of Welsbach mantles, is capable, together with its compounds, 
of producing the same effect. After this discovery the rays 
from all this class of substances began to be called Becquerel 
rays , and all substances which emitted such rays were called 
radioactive substances. 

But in connection with this investigation Madame Curie' 
noticed that pitchblende, the crude ore from which uranium 
is extracted, and which consists largely of uranium oxide, 
would discharge her electroscope about four times as fast as 
pure uranium. She inferred, therefore, that the radioactivity 
of pitchblende could not be due solely to the uranium con¬ 
tained in it, and that pitchblende must therefore contain some 
hitherto unknown element which has the property of emitting 
Becquerel rays more powerfully than uranium or thorium. 
After a long and difficult search she succeeded in separating 
from several tons of pitchblende a few hundredths of a gram 
of a new element which was capable of discharging an electro¬ 
scope more than a million times as rapidly as either uranium 
or thorium. She named this new element radium. 

509. Nature of Becquerel rays. That these rays which are 
spontaneously emitted by radioactive substances are not X 
rays, in spite of their similarity in affecting a photographic 
plate, in causing fluorescence, and in discharging electrified 
bodies, is proved by the fact that they are found to be deflected 
by both magnetic and electric fields, and by the further fact 
that they impart electric charges to bodies upon which they fall. 
These properties constitute strong evidence that radioactive 
substances project from themselves electrically charged particles. 

But an experiment performed in 1899 by Rutherford, then 
of McGill University, Montreal, showed that Becquerel rays 
are complex, consisting of three different types of radiation, 
which he named the alpha , the beta, and the gamma rays. The 
beta rays are found to be identical in all respects with cath¬ 
ode rays, that is, they are streams of electrons projected with 


RADIOACTIVITY 


423 


velocities varying from 60,000 to 180,000 miles per second. 
Tho alpha rays are distinguished from these by their very much 
smaller penetrating power, by their very much greater power 
of rendering gases conductors, by their very much smaller 
deiloefabilify in magnetic and electric fields, and by the fact 
that the direction of the, defection is opposite to that of the beta 
rays. From this last fact, discovered by Rutherford in'1903, 
the conclusion is drawn that the alpha rays consist of positively 
charged particles; and from the amount of their deflectability 
their mass has been calculated to be about four times that of 
the hydrogen atom, that is, about 7000 times the mass of the 
electron, and their velocity to be about 20,000 miles per second. 
Rutherford and Boltwood have collected the alpha particles 
in an (Indent amount to identify them definitely as positively 
cJutryed atoms of helium. 

Tho difference in the sizes of the alpha and beta particles 
explains why the latter are so much more penetrating than the 
former, and why the former are so much more efficient than' the 
latter in knocking electron^ out of the molecules of a gas and 
rendering it conducting. A sheet of aluminium foil .005 centi¬ 
meter thick cuts off completely the alpha rays, blit offers practi¬ 
cally no obstruction to the passage of the beta and gamma rays. 

Tho gamma rays are very mil eh more penetrating even than 
the beta rays, and are not at all deflected by magnetic or electric 
fields. They are commonly supposed to he X rays produced 
by the impact of the beta particles on surrounding matter. 

510 , Crookes’s spinthariscope. Tn 1003 Sir William Crookes devised a 
little instrument, called the spinthariscope, which furnishes very direct 
and striking evidence that particles are being continuously shot off from 
radium witli enormous velocities. In the spinthariscope a tiny speck of 
radium R (Fig. 402) is placed about a millimeter above a zinc sulphide 
screen 8, and the latter is then viewed through a lens L, which gives 
from ten to twenty diameters magnification. The continuous soft glow 
of the screen, which is all one secs with the naked eye, is resolved by 
the microscope into hundreds of tiny flashes of light. Tho appearance is 
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as though the screen were being fiercely bombarded by an incessant 
rain of projectiles, each impact being marked by a flash of light, just 
as sparks fly from a flint when struck with steel. The experiment is a 
very beautiful one, and it furnishes very direct and 
convincing evidence that radium is continually pro¬ 
jecting particles from itself at stupendous speeds. 

The flashes are due to the impacts of the alpha, not 
the beta, particles against the zinc sulphide screen. 

511 . Photographing the tracks of alpha 
and beta rays. In 1912 C. T. R. Wilson, of 
Cambridge, England, succeeded in actually 
photographing, with the aid of the electric 
spark (see § 495), the tracks of alpha and beta particles as they 
shoot through air. Some of his photographs are reproduced 
in the frontispiece. The white streaks there shown are directly 
due to water vapor condensed upon iojis formed along the 
paths of the rays. In the case of the alpha particles the little 
water drops are so close together that the photograph shows 
a continuous white streak. This is on account of the tre¬ 
mendous ionizing power of the alpha particle. In the case of 
the beta rays the ionization is relatively feeble, and the paths 
are not so straight, both of which results are to be expected 
from the smallness of the electron (beta particle) in compari¬ 
son with the helium atom (alpha particle). The photograph 
obtained when an X-ray beam was passed through the gas 
shows that the effect of the X ray is to eject electrons from the 
molecules of the gas. The path of each of these ejected elec¬ 
trons may be easily traced in the figure. 

512 . The disintegration of radioactive substances. Whatever 
be the cause of this ceaseless emission of particles exhibited 
by radioactive substances, it is. certainly not due to any ordi¬ 
nary chemical reactions; for Madame Curie showed, when she 
discovered the activity of thorium, that the activity of all the 
radioactive substances is simply proportional to the amount 
of the active element present, and has nothing whatever to do 
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with the nature of the chemical compound in which the ele¬ 
ment is (omul, lluis thorium may be changed from a nitrate 
to a chloride or a sulphide, or it may undergo any sort of 
chemical reliction, without any change whatever being notice¬ 
able in its activity. Furthermore, radioactivity has been found 
to be independent of all pJn/xical as well as chemical conditions. 
The lowest cold or greatest heat does not appear to affect it 
in (he least.. Radioactivity, therefore, seems to be as unalter¬ 
able a property of the atoms of radioactive substances as is 
weight itself. For this reason Rutherford has advanced the 
theory that the atoms of radioactive substances are slowly 
disintegrating into simpler atoms. Uranium and thorium have 
the heaviest atoms of all the elements. For some unknown 
reason they seem not infrequently to become unstable and 
project off a part of their mass. This projected mass is the 
alpha particle. What is left of the atom after the explosion is 
a now substance with chemical properties different from those 
of the original atom. This new atom is, in general, also un¬ 
stable and breaks down into something else. This process is 
repented over and over again until some stable form of atom is 
reached. Somewhere in the course of this atomic catastrophe 
some electrons leave the mass; these are beta rays. 

According to this point of viow, which is now generally 
accepted, radium is simply one of the stages in the disintegra¬ 
tion of the uranium atom. The atomic weight of uranium is 
2BB.F>, that of radium about 22(5, that of helium B.994. Radium 
would then be uranium after it has lost 8 helium atoms. The 
further disintegration of radium through four additional trans¬ 
formations has been traced. It has been conjectured that the 
fifth and final one is lead. If we subtract 8 x 8.994 from 238.5, 
we obtain 20(l.f>, which is very close to the accepted value for 
lead, namely 207. In a similar way six successive stages in 
the disintegration of the thorium atom (atomic weight 232) 
have been found, but the final product is unknown. 
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513. Energy stored up in the atoms of the elements. In 
1003 tho two Frenchmen, Curio and Lahonl, made an epoch- 
making discovery. It was that radium is continually evolving 
heat at the rate, of about one hundred calories per hour per 
gram. More recent measurements have given one hundred 
eighteen calories. This result was to have been anticipated 
from the fact that the. particles which are continually living 
off from the disintegrating radium atoms subject tin* whole 
mass to an incessant internal bombardment, whieh would be 
expected to raise its temperature. This measurement- of the 
exact amount of heat evolved per hour enables us to estimate 
how muoh heat energy is evolved in the disintegration of one 
gram of radium. It is about two thousand million calories 
fully threw hundred thousand times as much as is evolved 
in tho combustion of one gram of coal. Furthermore, it is 
not impossible that similar enormous quantifies of energy are 
locked up in the atoms of all substances, existing there per¬ 
haps in tho form of the kinetic energy of rot at ion of the 
electrons. The most vitally interesting question whieh the 
physics of the future has to face is, Is it possible for man to 
gain control of any such store of subatomic energy and to use 
it for his own ends ? Such a result does not now seem likely 
or oven possible ; and yet the transformations whieh the study 
of physics has wrought in the world within a hundred years 
were once just as incredible as this. In view of what physics 
has done, is doing, and can yet do for the progress of the 
world, can any one ho insensible either to its value or to its 
fascination ? 






























APPENDIX 

REVIEW QUESTIONS AND PROBLEMS 


, 1. A (Miliicuil box 20 cm. on a side is filled with equal parts of mer 
entry and water. \\ lint, is the entire [onto on the inner surface of the box ? 

7 Su P! UW( ' «- bihe fi mm. square and 200 cm. long is inserted into 
the top Id the box mentioned in the previous problem and filled with 
water, what will Urn entire force be? 

3. A floating dock is shown in Fig. 4(53. When the chambers c are 
filled with water the dock sinks until tho water lino is at A. The vessel 
is then floated into the dock. As soon 
as it is in place, the water Is pumped 
from the ehambers until the water 
Hue is as low as II. Workmen can then ^ 
get at all parts of the bottom. If each 
of the ehambers is 10 ft, high and 
10 ft. wide, wlmt must be the length & 
of the duck if it is to be available for 
the / mjn'rnlur (llamburg-Americuu Fui. 403. Floating dock 
Line), of 50,000 tons' weight? 

4. The density of stone is about 2.f>. If a boy can lift 120 lb., how 
heavy a stone can lie Hfl to tho surface of a pond? 

5. Now many cubic centimeters of a liquid of specific gravity 1.5 
must be mixed with 1 1 . of a liquid of specific gravity .8 to make a mix¬ 
ture of speed fie gravity l.!i ? 

6 . A diver with his diving suit weighs 100 kg. It requires 16 kg. of 
lead to sink him. If the density of lead is 11.3, what is tlio volume of 
the diver and his suit? 

7. A body loses 25 g. in water, 23 g. in oil, and 20 g. in alcohol. Find 
lhe density of the oil and of the alcohol. 

8 . A platinum hall weighs 830 g. iu air, 316 g. in water, and 803 g. 
in sulphuric acid. Find tho density of tho platinum, the density of the 
add, and the volume of the ball. 

9 . What fraction of the total volume of an irregular block of wood 
of density .0 will float above the surface of alcohol of density .8 ? 

10 , What must be tho specific gravity of a liquid in which a body 
having a specific gravity of 0.8 will float with half its volume submerged? 
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11. How large a balloon filled with hydrogen is needed to raise a 
weight of 300 lb., including the balloon? Explain. 

12. What is Boyle's law? A mass of air 3 tv. in volume is intro, 
duced into the space above a barometer column winch originally stands 

‘ at 760 mm. The column sinks until if is only f>70 mm. high. Kind the 
volume now occupied by the. air. 

13. The diameters of the piston and cylinder of a hydrostatic press 
are respectively 3 in. and 30 in. The. piston rod is attached 2 tt. from 
the fulcrum of a lever 12 ft. long (Fig. 12, p. 17). What force must In- 
applied at the end of the lever to make the press exert a force of otKHI lb. ? 

14. How high will a lift pump raise water if it is located upon the 
side of a mountain where the barometer reading is 71 <mt.V 

15. If the cylinder of an air pump is Jj the size of tin- receiver, wlmt 
fractional part of the original air will be left after ft strokesV 

16. A gas at constant pressure expands yl., of its volume at. (V’C. 
for every degree it is raised above (1° C. 1 low much will it expand for 
every degree F. above. 32° F.? 

17. A water tank 8, ft. deep, standing some disfanee above the ground, 
closed everywhere except at the. top, is to be emptied. The only means 
of emptying it is a flexible tube. 

(a) What is the most convenient way of using the tube, and how 
could it bo set into operation ? 

(b) How long must the tube be to empty the tank eomplelely V 

18. If when the barometric height is 76 cm. and tlm temperature in 
30° C. some water is introduced into an air-tight vessel, what will a 
barometer in the vessel read ? 

19. A ball shot straight upward near a pond whs seen to strike the 
water in 10 sec. How high did it rise? What, was its initial speed? 

20. With wlmt velocity must n ball be. shot upward to rise to the 
height of the Washington Monument (Hofi ft.)V llow long before It 
will return? 

21. A pull of a dyne acts for 3 sec. on a mass of 1 g. What velocity 
does it impart; ? 

22. How long must a force of 100 dynes act on a mass of 20 g. to 
impart to it a velocity of 40 cm. per second? 

23. A force of 1 dyne acts on 1 g. for 1 sec. How far has the gram 
been moved at the end of the second ? 

24. A steamboat weighing 20,000 metric tons is being pulled by a 
tug which exerts a pull of 2 metric tons. (A metric ton is equal' to 
1000 kg.) If the friction ,of the water were negligible, what velocity 
would the boat acquire in 4 min. ? (Reduce mass to grams, force to 
dynes, and remember that F =s vw/L.) 
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25. If a tmirt uf cars weighs 200 metric tons, and the engine in pull¬ 
ing .i Mee. imparts to it, a velocity of 2 m. per second, what is the pull of 
flu* engine in metric tuns? 

26. A steel hull dropped info a pail of moist clay from a heig'lit of a 
metei sinks to a depth ot 2 cm. How far will it sink if dropped 4 m.? 

27. Neglecting friction, find how much force, a hoy would have to 
exert to pull a 100-lh. wagon up an incline which rises 5 ft. for every 
100 ft. of length traversed on the. incline. Hive not merely the numeri¬ 
cal solution of the problem, hut state, why you solve it as you do, and 
how you know that, your solution is correct;. 

28. Describe fully how you would proceed to find the density of an 
irregular solid heavier than wafer, showing why in every case you 
proceed an you do. 

29. A rifle weighing 5 lb. discharges a 4-oz. bullet with a velocity of 
lot) ft. per sec. W hut will be the velocity of the rifle in the opposite 
direction'/ 

30. A bullet weighing 2 oz. is shot into a body weighing 30 lb. hang¬ 
ing freely suspended. If tin* velocity of the bullet is 1500 ft. per second, 
wlmt. will be the vertical height to which the body will bo raised? 

31. How many times as much weight will a wire which is twice as 
thick as another of similar material support? 

32. A force of 3 lh. stretches l mm. a wire that is 1 m. long aud .1 mm. 
in diameter. How much force will it. take to stretch 5 mm. a wire of the 
same material 4 m. long and .15 nun. in diameter? 

33. Why do soute liquids rise while, others are depressed in capillary 
tubes? 

34. A metal rod 230 cm. long expanded 2.75 mm. in being raised 
from <)" (’. to lUU" ('. Find its coefficient of linear expansion. 

35. If iron rails are 30 ft. long, and if the variation of temperature 
throughout t he year is HO' 1 C. f what space must be left between their ends ? 

36. If the total length of the iron rods b, d, e, and i in a compen¬ 
sated jiendulum (Fig. 120) is 2 m., what must be tho total length of 
the cupper rods c if the period of tho pendulum is independent of tem¬ 
perature Y 

37. Decide from the table of expansion coefficients given on page 128 
why the wires which lead the current through the walls of incandescent 
eleetric-UgltU bulbs are always made of platinum; that is, why it is 
imjKiNHihm to seal any other metal into glaHH. 

38 . If a diver descends to a depth of 100 ft., what is tho pressure to 
whhh he is subjected Y Wlmt is the density of the air in Ins suit, the 
density at the surface where the pressure is 75 cm. being .00123? 
(Ammm the temperature to remain unchanged.) 
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39. A bubble cHcjtjws fnmi a diver's suit at a depth uf lou ft. where 

the temperature is 1" V. To how many times its original volume has 
the bubble grown by the time it. reaehes the surface, v, here the tear 
purature is and the. barometrie height- To cm.7 

40. Find the density of the air in a funnier v.h<e«e temperature is 
lOOt) 0 C., the density at t) rt (\ being .U0l2S>:h 

41. The air within a hulf-iutluted balloon occupies a uduuu* of 

100,000 1. Tim temperature is lb ' t\ and the barometrie height Them. 
What will he its volume after the balloon has ri.*en to the height of 
Mt. Blanc, where the pressure is 07 em. and the teuiperature - lO't',7 

42. If the volume of a quantity of air at 00 ‘ is 2Dt) re,, at what 
temperature will its volume be 000 ee., the pressure remaining the same? 

43 . When the barometrie height is 70 em. and the temjtcmture (t' 
the density of air is .0011200. Kind the density of air when the tern* 
peraturo is BH° C, and the haremetrie height is 70 em. Kind the density of 
air when the temperature is — 40 A’, and the harumetnr height 71 cm. 

44 . A le ver is 0 ft. long. Wltere must the fulerum be placed so 
that a weight of 000 lb. at one end shall he balanced bv bt) lb, at 
the other? 

45. Where must a load of 100 lh. he placed on a stick lo ft. long, if 
the man who holds one end Is to mipfsirt do lh., while the man at the 
other end supports 70 lh. V 

46 . Two horses of unequal strength must he hitched as a team. The 
one is to pull BOO lh., while the other pulls 2KH lh. In the doubletree 
50 In. long, where must the pin be placed to {term it an even pull V 

47. How many gallons of water (8 lh. each} could a lo II.K, engine 
raise in one hour to a height of 00 ft? 

48. Find graphically the resultant of 40 lh. N.K. and 70 lb. W. 

49. In the course of a stream is a waterfall 22 ft. high. It Is shown 
by measurement that 450 c.u. ft. of water |*er second pour over it How 
many foot pounds of energy could be obtained from it? What horse 
power? What becomes of tins energy if not used in driving machinery? 

50. A car weighing 00,000 kilos slides down a grade which is 2 m. 
lower at the bottom than at the top, and is brought to rest at the 
bottom by the brakes. How many calorics of heat are developed by 
the friction? 

51. A body weighing 10 kilos la pushed 10 m. along a level plane. If 
the coefficient of friction between the block and the plane 1# .125, how 
many gram centimeters of work have been done? How many ergs? 
How many calorics of heat have been develop'd V 

52. Meteorites are small cold bodies moving alxmt in space. Why 
do they become luminous when they enter the earth's atmosphere ? 
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53. A pi,.,, of platinum weighing 1() g. is taken from a furnace and 
plunged imdimtlv into 40 g, of watt,* at i n° / 1 'i,... ± , 

u-afor rU,, m , A, 1 al 10 1110 temperature of the 

- • " lint to tlm U'nnHiraturo of tlio fiimaco? 

'* » hortoalal piano with a velocity erf 

‘I! ..^ friCUlm ^ A- ^ wm it 

. 55 .‘ " ‘J 1 '." lmt mml> 11 l,n(1 y b « living i n order, before com- 

m k M.. r. d. to pans over ‘JO m. on a horizontal plane, the coefficient of 
triffum <«! wturn ts yt 

M. 1 In- of a good condensing engine is about 10%. How 

murh n.ul h eunwttned per hour by a -10,000 II.P. condensing engine, 
»'is«‘h k'Him tit «,.id being assumed to produce 0000 calorics ? 

57. i he average locomotive has an efficiency of about 0% What 
h.. rw power d.H's it develop when it is consuming 1 ton of coal ner 
hour’/ fSee Problem 00.) 

58. \\ hut pull dues a 1000 II.P. locomotive exert when it is running 
at 'J.i uii. j*er hour and exerting its full horse power? 

50. KqmU weights of hot water aud ice are mixed and the result is 
wat**r at 0 4 ('. What was the temperature of the hot water? 

SO, Prom wlmt height must a gram of ice at 0°C. fall in order to 
m«dt it^df by the heat generated in tile impact? 

6L What temperature will result from mixing 10 g. of ice at 0°C. 
with you g. «.f water at 2.1°(J. V 


62. t dm hundred grams of water at 80° C. are thoroughly mixed with 
d«m g. of mmniry at tr (b Wlmt is the temperature of the mixture? 

63. Juntwlmtwili occur if KICK) ealoriosbci applied to 20g.oficeat0°C.? 

64* If the specific heat of lead is .081 and the mechanical equivalent 

“f » calorie 427 g. m., through how many degrees centigrade will a 
luting, lead ball be raised if it falls from a height of 100 m., provided 
all of the heal developed by the impact goes into the load? 

65. ihm many grams of ice must be pub into 200 g. of water at 40° C. 
to lower the temjiemture HP (b V 

Si, Ten grams of steam at 1(10° (!. are cooled to 41° 1<\ How much 
heat in given mitV 

67, A magnetic jude of 80 units' strength is 20 cm. distant from a 
similar j«de of 110 units' strength. Find the force between them. 

68, T wo small spheres are charged with + 10 and — 4 units of elec¬ 
tricity. With what fore® will they attract each other when at a distance 
of 4 m.? 

it. If the two sphere* of the previous problem are made to touch 
ftsd are then returned to their former positions, with what force will 
Hatty act on each other? Will this force be attraction or repulsion? 
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70. If an electrified rod is brought near to a pith ball suspended by 
a silk thread, the ball is first attracted to the rod and then repelled 
from it. Explain this. 

71. The diameter of No. 20 wire is 31.96 mils (1 mil <= .001 in.) and 
that of No. 30 wire 10.025 mils. Compare the resistances of equal 
lengths of No. 20 and No. 30 German-silver wires. 

72. What length of No. 30 copper wire will have the same resistance 
as 20 ft. of No. 20 copper wire? 

73. What length of No. 20 German-silver wire will have the same! 
resistance as 100 ft. of No. 30 copper wire? 

74. If a certain Daniell cell has an internal resistance of 2 ohms and 
an E.M.F. of 1.08 volts, what current will it send through an ammeter 
whose resistance is negligible ? What current will it send through a 
copper wire of 2 ohms’ resistance? through a German-silver wire of 
100 ohms resistance ? 

75. A Daniell cell indicates a certain current when connected to a 
galvanometer of negligible resistance. When a piece of No. 20 German- 
silver wire is inserted into the circuit, it is found to require a length of 
5 ft. to reduce the current to one half its former value. Find the resist¬ 
ance of the cell in ohms, No. 20 German-silver wire having a resistance 
of 190.2 ohms per 1000 ft. 

76. A coil of unknown resistance is inserted in series with a con¬ 
siderable length of No. 30 German-silver wire and joined to a Daniell 
cell. When the terminals of a high-resistance galvanometer are touched 
to the wire at points 10 ft. apart, the deflection is found to bo the 
same as when they are touched across the terminals of the unknown 
resistance. What is the resistance of the unknown coil ? (See § 317, 
p. 252.) 

77. Find the joint resistance of 10 ft. of No. 30 copper wire and 1 ft. 
of Nr. 20 German-silver wire connected in series; in parallel. 

78 Three wires, each having a resistance of 15 ohms, were joined 
abreast and a current of 3 amperes sent through them. How much was 
the E.M.F. of the current ? 

79. The E.M.F. of a certain battery is 10 volts and the strength of 
the current obtained through an external resistance of 4 ohms is 1.25 
amperes. What is the internal resistance of the battery? 

80. How many cells, each of E.M.F. 1.5 volts and internal resistance 
2 ohms, will be needed to send a current of at least 1 ampere through 
an external resistance of 40 ohms? 

81. How many lamps, each of resistance 20 ohms, and requiring a 
current of .8 ampere, can be lighted by a dynamo that has an output' 
of 4000 watts ? 
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82. How many calories will be developed in 10 sec. by a current of 
20 amperes flowing through a resistance of 100 ohms ? 

83. - Draw a diagram of a two-station telegraph line, showing receiving 
and sending instruments at each station and a relay at one station. 

84. Draw a diagram of au induction coil and explain its aetion. 

85. (a) Describe and illustrate resonance. 

(b) Find the number of vibrations per second of a fork which pro¬ 
duces resonance in a pipe 1 ft. long. (Take the speed of sound as 1120 
ft. per second.) 

86. Build up a diatonic scale on C = 261. 

87. If a vibrating string is found to produce the note C when stretched 
by a force of 10 lb., what must be the force exerted to cause it to pro¬ 
duce (a) the note E ? (b) the note G ? 

88. What is meant by the phenomenon of beats in sound? How may 
it be produced, and what is its cause ? 

89. Show what relation exists between the wave length of a note and 
the lengths of the shortest closed and open pipes which will respond to 
this note. 

90. (a) How can you show that the wave lengths of red and green 
lights are different, and how can you determine which one is the 
longer ? 

(b) Explain as well as you can how a telescope forms the image 
which you see when you look into it. 

91. A clapper strikes a bell once every two seconds. How far from 
the bell must a man be in order that the clapper may appear to hit the 
bell at the exact instant at which each stroke is heard ? 

92. The note from a piano string which makes 300 vibrations per 
second passes from indoors, where the temperature is 20° C., to outdoors, 
where it is 5° C. What is the difference in centimeters between the 
wave lengths indoors and outdoors? 

93. A man riding on an express train moving at the rate of 1 mi. 
per minute hears a bell ringing in a tower in front of him. If the bell 
makes 300 vibrations per second, how many pulses will strike his ear 
per second, the velocity of sound being 1130 ft. per second ? (The 
number of extra impulses received per second by the ear is equal to the 
number of wave lengths contained in the distance traveled per second 
by the train.) 

94. How many candles will be required to produce the same intensity 
of illumination at 2 m. distance that is produced by 1 candle at 30 cm. 
distance ? 

95. In which medium, water or air, does light travel the faster? 
Give reasons for your answer. 

. 1 
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96. Draw diagrams to show in what way a beam of light is bent 
(a) in passing through a prism; (b) in passing obliquely through a plate- 
glass window. 

97. Distinguish between a real image and a virtual image, and state 
the conditions for the formation of each by a convex lens; by a con¬ 
cave mirror. 

98. Show by a diagram and explanation what is meant by critical 
angle. 

99. Does blue light travel slower or faster in glass than red light 7 
How do you know? • 

100. Draw a figure to show how a spectrum is formed by a prism, 
and indicate the relative positions of the red, the yellow, the green, and 
the blue in this spectrum. 

101. Draw a diagram of a slit, a prism, and a lens, so placed as to 
form a pure spectrum. 

102. Why is the order of the colors in the secondary rainbow the 
reverse of the order in the primary bow ? 

103. .An object 5 cm. long is 50 cm. from a concave mirror of focal 
length 30 cm. Where is the image, and what is its size ? 

104. An object is 20 cm. from a lens of focal length 30. Where is 
the image ? 

105. Why is it necessary to use a rectifying crystal in series with a 
telephone receiver to detect electric waves ? 

106. Explain why an electroscope is discharged when a bit of radium 
is brought near it. 
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Aberration, chromatic, 400 
Absolute temperature, 121 
Absolute unit*), (! 

Absorption, of gases, 1 18 ft'.; of light 
waves, 405 ; ami radiation, 410 
Acceleration, deliued, 02; of grav¬ 
ity, Oil 

Achromatic lens, 400 
Adhesion, 105 ; effects of, 100 
Aeronauts, 1 might of ascent of, 80 
Air, proKKuro of, 27 ; weight of, 20 ; 
compressibility of, 88; expansibil¬ 
ity of, 84 ; pump, 40 ; brake, 40 
Air brake, 40 
Alternator, 202 

Amalgamation of zinc plate, 257 
Ammeter, 275 

Ampere, 245, 240 ; dellnititm of, 200 
Amundsen, 215 
Anode, 207 

Arc light, 2H1 ; automatic feed for, 

282 

Archimedes, principle of, 21 ; por¬ 
trait of, 22 

Armature, ring type, 201, 208; drum 
type, 201, 208, 205 
Artesian wells, 20 

Atmosphere, pressure of, 20; extent 
and character of, 80; height of 
homogeneous, 88; humidity of, 00 
Atoms, energy in, 420 

Back K.M.F. in motors, 298 
Baeyor, von, 408 

485 


Balance, 7 
Balance wheel, 129 
Ball bearings, 154 
Balloon, 44 

Barometer, mercury, 80; aneroid, 
81; von Guericke’s, 81; self¬ 
registering, 80 

Batteries, primary, 250 ff.; storage, 
209 

Boats, 827, 842 
Bocquorul, 421, 420 
Bell, Alexander Graham, 810 
Bell, electric, 275 
Bellows, 47 
Bicycle pedal, 166 
Binocular vision, 800 
Boiler, steam, 187 

Bolling points, definition of, 178; 

effect of pressure on, 170 
Boylo’B law, stated, 86; explained, 68 
Brittleness, 104 
Brooklyn Bridge, 180 
Brownian movements, 68 
Bunsen, 800 

Caisson, 46 

Calories, 100 ; developed by electric 
currents, 270 

Camera,pin-hole, 888; photographic, 
888 

Candle power, defined, 808; of in¬ 
candescent lamps, 281; of arc 
lamps, 282 

Capacity, electric, 282 
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INDEX 


Capillarity, 106 ff. 

Cartesian diver, 43 
Cathode, defined, 207 
Cathode rays, 417 

Cells, galvanic, 241; primary, 260 ff.; 
local action in, 267; theory of, 
268; Daniell, 201; Leclanclid, 203; 
Weston, 203 ; dry, 204 ; combina¬ 
tions of, 206; storage, 209 
Center of gravity, 84 
Centrifugal force, 90 
Charcoal, absorption by, 113 
Charles, law of, 123 
Chemical effects of currents, 207 
Clouds, formation of, 06 
Coefficient of expansion, of gases, 
123; of liquids, 120; of solids, 127 ; 
of friction, 154 
Coherer, 414 

Cohesion, 103; properties depending 
on,104 

Coils, magnetic properties of, 272; 

currents induced in rotating, 288 
Cold storage, 195 

Color, and wave length, 398; of 
bodies, 895; compound, 396; com¬ 
plementary, 897; of thin films, 
399; of pigments,'898 
Commutator, 292 
Compass, 216 
Component, 78 

Condensation of water vapor, 64 
Condensers, 236 

Conduction, of heat, 197; of elec¬ 
tricity, 221 
Conjugate foci, 372 
Conservation of energy, 166 
Convection, 200 ff. 

Cooling, and evaporation, 67,184; of 
a lake, 127; by expansion, 103; 
artificial, by solution, 182 
Cooper-Hewitt lamp, 283 


Coulomb, 269 
Couple, 138 
Crane, 146 

Critical angle, 855, 867 
Crookes, 352, 423 
Curie, 426 

Currents, wind and ocean, 201; 
measurement of electric, 240 11'.; 
magnetic fields about, 244; effects 
' of olootrie, 267 IT.; induced elec¬ 
tric, 284 ff. 

Curvature, of a liquid surface, 10H ; 
defined, 364; of waves, 371; of 
mirror, 378 ; center of, 882 

Daniell eell, 261 
Davy safety lamp, 199 
Declination, or dip, 216 
Density, defined, 8; table of, 8, 9; 
formula for, 9; methods of find¬ 
ing, 23 ff.; of air below sea level, 
88; of saturated vapor, 02; max¬ 
imum, of water, 12(1; of electric 
charge, 228 
Dew, formation of, 05 
Dew point, 66 

Diffusion, of gases, 54; of liquids, 
58; of solids, 72; of light, 868 
Discord, 842 
Dispersion, 894 
Dissociation, 208 
Distillation, 180 
Diving hell, 45 
Diving suit, 46 

Doppler’s principle, in sound, 821: 

in light, 406 
Ductility, 104 

Dynamo, principle of, 284; rule, 287 ; 
alternating-current, 290; four-polo 
direct-current, 294; series-, shunt-, 
and compound-wound, 296 
Dyne, 98 
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Secentrle, 187 
Oc.hu, 822 
Cdison, 810 

efficiency, defined, 15(5; of simple 
inat'ldiu'H, 150; of water motors, 
157, 15H; of steam engines, 181); 
of electric, lights, 2H1 fi'.; of trans¬ 
formers, .'107 

elasticity, 101 ; limits of, 102 
/Electric charge, unit of, 221 ; distri¬ 
bution of, 227 ; density of, 22H 
(doctrinal machines, 287 IT. 

Klee,trinity, sialic, 218 IT.; two-lluid 
theory of, 222 ; current of, 2*10 IT. 
(electrolysis of water, 2(57 
Electromagnet, 274 
(electromotive force, defined, 247; 
of galvanic, cells, 240; induced, 
2H5; strength of induced, 288; 
buck, in motors, 208; in secondary 
circuit, 802 ; at make and break, 
804 

Electron theory, 228, 418 IT. 
Klectrophorus, 28(5 
Electroplating, 208 
Electroscope, 220, 22(1 
Electrostatic, voltmeter, 284 
Kleetrotyplng, 2(50 
Energy, dellned, 148; potential and 
kinetic, 140; transformations of, 
140, 1(5(5; formula for, 151 ; con¬ 
servation of, 1(15; expenditure of 
electric, 270; srornl in atoms, 42(5 
Engine, steam, 185; compound, 180; 
gas, .100 

English equivalents of metric, nulls, 

5 

Kqulllbrant, 77 

Equilibrium, stable, 85; neutral, 87; 

unstable, 87 
Erg, 182 
Ether, 858 


Evaporation, 57; effect of temper¬ 
ature on, 50; effect of air on, 62 ; 
cooling effect of, (57; freezing by, 
08; effect of surface on, 70; of 
solids, 71 ; and boiling, 180; in¬ 
tense cold by, 184 

Expansion, of gases, 123 ; of liquids, 
58, 125; unequal, of metals, 129 ; 
cooling by, 1(58; on solidifying, 
174 

Eye, 885 

Fahrenheit, 118 
Falling bodies, 88-08 
Faraday, 2(50, 284 
Fields, magnetic, 212 . 

Filins, contractility of, 10(5; color 
of, 80!) 

Fire syringe, 1(58 
Float valve, 140 
Floating needle, 111 
Focal length, of convex mirror, 878, 
882 ; of convex lens, 871 
Fog, formation of, (55 
Foley, 880 

Force, definition of, 74; method of 
measuring, 75 ; composition of, 7(5; 
resultant of, 70; component of, 78; 
centrifugal, 90; beneath liquid, 11 ; 
lines of, 211 ; Helds of, 212 
Formulas for lenses and mirrors, 880 
Foucault, 852 
Foucault currents, 805 
Franklin, 281 
Fraunhofer lines, 405 
Freezing mixtures, 188 
Freezing points, table of, 178; of 
solutions, 188 
Friction, 163 IT. 

Fundamentals, defined, 885; in pipes, 
844 

Fusion, heat of, 170 
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Galileo, 88,89,116,119; portrait of, 88 

Galvanic cell, 241 

Galvanometer, 246, 246 

Gas engine, 190 

Gas meter, 47 

Gay-Lussac, law of, 128 

Geissler tubes, 417 

Gilbert, 218 

Gram, of mass, 8 ; of force, 74 
Gramophone, 840 
Gravitation, law of, 88 
Gravity, variation of, 76; center of, 84 
Guericke, Otto von, 81, 82, 40 

Hail, formation of, 66 
Hardness, 104 
Harmony, 842 
Hay scales, 146 

I-Ieat, mechanical equivalent of, 
169 ff.; unit of, 160; produced by 
friction, 161; produced by colli¬ 
sion, 162; producodby compression, 
162 ; specific, 167 ; of fusion, 170 ; 
latent, 172; transference of, 197 
Heating, by hot air, 204; by hot 
water, 206 

Heating effects of electric currents, 
279 

Helmholtz, 840 
Henry, Joseph, 242 
Hertz, 64, 418, 416 
Him, 162 
Hooke’s law, 108 
Horse power, 147 
Humidity, 60 
Huygens, 868 
Hydraulic elevator, 18 
Hydraulic press, 17 
Hydrogen thermometer, 119 
Hydrometer, 24 
Hydrostatic paradox, 14 
Hygrometry, 69 


Ice, manufactured, 194 
Images, by convex lenses, 871 ff. ; 
in plane mirrors, 87(5; in convex 
mirrors, 879 ; size of, 874 ; in con¬ 
cave mirrors, 879 ; virtual, 876 ; 
by concave lenses, 876 
Incandescent lighting, 280 
Incidence, angle of, 862 
Inclined plane, 80, 142 
Index of refraction, 8(56 
Induction, magnetic, 209; electro¬ 
static, 222; charging by, 224; of 
current, 284 
Induction coil, 808 
Inertia, 96 
Insect on water, 112 
Intensity of sound, 821 ; of light, 867 
Interference, of sound, 828 ; of light, 
869 

Ions, 220, 269 
Jackscrow, 148 

Joule, 82, 182, 148, 1(50 ff., 807 
Kelvin, 122 

Kilogram, the standard, 4 
Kilowatt, 148 
Kinetic energy, 140, 162 
KirolihofT, 40(5 

Laminated cores, 806 

Lamps, incandescent, 280 ; arc, 281; 

Ooopor-IIowett, 288 
Lantern, projecting, 884 
Loclanchd cell, 263 
Lenses, 871 ff.; formula for, 878; 
magnifying power of, 886; achro¬ 
matic, 400 
Lenz’s law, 286 
Level of water, 18 
Lever, 186 ff.; compound, 146 
Leyden jar, 286 
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jht, speed of, 861; intensity of, 
1(57 j diffuHiou of, 868 ; reflection 
if, 862 ; refraction of, 85)8 ; naturo 
if, 85H; corpuscular theory of, 
IfiH ; wave I henry of, flfiH ; inter¬ 
ference of, .'{fill ; electromagnetic, 
theory of, 41(5 
gliOtlng, 281 

uoh, of force, 211 ; isogenic, 21(5 
qulh-alr machine, 11)4 
quids, densities of, 1>; pressure in, 
18 ; transmission of pressure hy, 
16; hioumproHHibility of, 88; ex¬ 
pansion of, I2fi 
ic.al action, 257 
leomotlvo, 1HH 
uulncHH of Bound, 821 
ftmui, 408 

ac,hlm», Ihjuitl-air, 15)4 
tiehlnos, general law of, 150 ; ulll- 
ctencicH of, 16(5; electrical, 287 IT. 
agdolntrg hemispheres, 82 
agnet, natural, 207 ; lawH of, 2(>H ; 
[Milf'H of, 20H ; electro-, 274 
aguetlKlu, 207 IT. ; nature of, 218 ; 
theory of, 214 ; terrestrial, 216 
ognlfylng power, of hum, 8H(5; of 
teleseope, 887 ; of microscope, 888 ; 
of opeta gloss, 800 
alleahlllty, 104 
atiometrlc llatucH, 888 
amml, 810 

.aw, unit of, 4 ; measurement of, (5 
.atter, three states of, 72 
‘axwell, 64, 41(5 
ieclmnlcal advantage, 186, 187 
techanleal equivalent of limit, 1(52 
[citing points, table of, 178 ; effeet 
of p mature on, 176 
leter, standard, 8 
(lehelson, 862 


Microscope, 888 

Mirrors, 876 ff.; convex, 878 ; con¬ 
cave, 879; formula for, 881 
Mixtures, method of, 168 
Molecular constitution of matter, 60 
Molecular forces, in solids, 101; in 
liquids, 106 

Molecular motions, in gases, 60; in 
liquids, 67 ; in solids, 71 
Molecular naturo of magnetism, 218 
Molecular velocities, 64, 66 
Moments of force, 187 
Momentum defined, 96 
Morse, 27(5 

Motion, uniformly accoloratod, 91; 

laws of, 02 ; perpetual, 166 
Motor, electric, principle of, 28(5; 
rule, 287 ; street-car, 297 

Newton, law of gravitation, 88 ; por¬ 
trait of, 5)6 ; laws of motion of, 96 ; 
work principle, 141; and corpus¬ 
cular theory, 869 
Niagara, 1(56, 107 
Nichols, K. F., 408 
Nodes, in pipes, 825); in strings, 
884 

Noise and music, 820 
Nonconductors, of heat, 15)5); of 
electricity, 221 
North magnetic pole, 216 

Ocean currents, 201 
Oersted, 242 
Ohm, 262 

Ohm’s law, 262 * 

Onnos, Kamorlingli, 09, 122 
Opera glass, 885) 

Optical Instruments, 888 ff. 

Organ pipes, 847 
Oscillatory discharge, 418 
Overtones, 885 ; in pipes, 846 
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•Parachute, 44 

Parallel connections, 255, 265 
Parallelogram law, 78 
Pascal, 15, 16, 29 

Pendulum, force-moving, 81; laws 
of, 94 ; compensated, 128 
Permeability, 210 
Perpetual motion, 166 
Perrier, 30 
Phonograph, 349 
Photometers, 367, 869 
Pisa, tower of, 88 
Pitch, cause of, 320 
Pneumatic inkstand, 32 
Points, discharging effect of, 228 
Polarization, of galvanic cells, 260; 
of light, 366 

Potential, defined, 232 ; unit of, 263; 

measurement of, 233, 275 
Power, definition of, 147; horse, 
147 

Pressure, in liquids, 13 ; defined, 13 ; 
in air, 27 ; amount of atmospheric, 
29 ; of saturated vapor, 60 ; co¬ 
efficient of expansion, 120, 123; 
effect of, on freezing, 175 ; in pri¬ 
mary and secondary, 306 
Pulley, 133 ff.; differential, 144 
Pump, air, 40; water, 41; force, 42 

Quality of musical notes, 337 

Radiation, thermal, 202 ; invisible, 
408 ff.; and temperature, 409 ; and 
absorption, 410 ; electrical, 412 
Radioactivity, 421 
Radiometer, 408 
Radium, discovery of, 421 
Rain, formation of, 66 
Rainbow, 401 
Ratchet wheel, 155 
Rayleigh, 362 


Rays, infra-red, 408; ultra-violet, 
408; cathode, 417; Rbntgen, 419; 
Becquerel, 422; a, /3, and y, 422 ff. 
Rectifier, mercury-arc, 309 ; crystal, 
415 

Refining of metal, 269 
Reflection, of sound, 322; of light, 
352; total, 365 

Refraction, of light, 354 ; index of, 
365 ; explanation of, 362 
Regelation, 176 
Relay, 276 

Resistance, electric, defined, 261 ; 
specific, 261; table of, 251; unit 
of, 252; laws of, 252; internal, 
253; measurement of, 254 
Resonance, acoustical, 323ff.; elec¬ 
trical, 412 
Resonators, 326 
Resultant, 76 
Retentivity, 210 
Retinal fatigue, 398 
Right-hand rule, 245, 273 
Rise of liquids, in exhausted tubes, 
37; in capillary tubes, 108 
Roemer, 351 
Rdntgen, 419, 426 
Rowland, 164, 352 
Rubens, 408 
Rumford, 160, 367 
Rutherford, 422, 426 

Saturation, of vapors, 54; magnetic, 
215 

Scales, musical, 331; diatonic, 332 ; 

even-tempered, 333 
Screw, 143 
Self-induction, 302 
Series connections, 255, 205 
Shadows, 356 
Shunts, 255 
Singing flame, 342 
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plum, explanation of, 40; inter¬ 
mittent, 40 
ow, formation of, (if) 
ap illniH, 107, .'ion 
lnr spectrum, 404, 400 
nomcters, JJJI4 

uml, sources of, .‘114 ; upcctl of, 
iiIf); nature of, 1514 ; musical, 820; 
relleetlon of, 1522; foci, 828; inter¬ 
ference of, 1528 
under, 270 
■midlng lioardH, 5520 
mrk, oHeillntory nature of,4111; in 
vaemun,417 ; photography,4115,414 
lark length and potential, 2154 
leaking talien, 1121 
leeitle gravity, 1) 

iceitie heat, defined, 107; mean. 

ure.l, 108 ; table of, 1(50 

icetra, 401 ff. ; eontiuuoUM, 4015; 

bright-line, 401!; pure, 400 

leetritm analysis, 404 

iced, of Hound, 1115 ; of light, 1501 ; 

of light. In water, 1(02, 1104 ; of 

electric waves, 4115 

ilntharlHeope, 424 

earn engine, IHfi ff. 

.earn turbine, 102 
eelyardH, MO 
creoseupe, HIM) 
orage eelln, 200 
rings, lawn of, 151115 
ihllmatUm, 71 

m, energy derived from, 107 
irfaee tension, 100 
runpathetle vibrations, of sound, 
1140 ff,; electrical, 412 

elegrapli, 270 ff. ; window 414 IT. 
elephone, 1110 ff. 

Hlewope, ant rnuomleal, 1187; terren 
trial, 880 
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Temperature, measurement of, 116; 

absolute, 121 ; low, 122 
Tenacity, 102 

Thermometer, Galileo’s, 116 ; mer¬ 
cury, 117; Fahrenheit, 118; gas, 
120, 121 ; alcohol, 121; maximum 
and minimum, 122; the dial, 
180 

ThonnoHcope, 400 
Thermostat, 120 
ThoniHon, 410, 420 
Three-color printing, 800 
Toepler-IIolt/., 2557 
Torricelli, experiment, of, 28 
Transformer, 800, 807 
Transmission, electrical, 808 ; of 
pressure, lf>; of sound, 81(5 
Transmitter, telephone, 811 
Trowbridge, 400 
Turbine, water, 158 ; steam, 102 

Units, of length, 2; of area, 2; of 
volume, 2 ; of mass, 4 ; of time, 6 ; 
three fundamental, 5 ; C.G.S., 0 ; 
of force, 74 , 08 ; of work, 182; of 
power, 147 ; of heat, 100 ; of mag¬ 
netism, 200; of potential, 268; 
of current, 245, 260 ; of resistance, 
252 ; of light, 8(18 

Vacuum, sound In, 815; spark in, 
417 

Vaporization, heat of, 177, 178 
Velocity, of falling hotly, 01 ; of 
sound, 816 ; of light, 851 
Ventilation, 208 

Vibration, numbers, 881; of strings, 
888 ; forced, 826 ; sympathetic, 
840 ff. 

Vision, distance of most distinct, 
886 

Visual angle, 885 
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Volt, 234, 263, 288 
Volta, 234 

Voltmeter, 249, 276; electrostatic, 
234 

Watcli, balance wheel of, 120; wind¬ 
ing mechanism of, 147 
Water, density of, 4 ; city supply of, 
10; maximum density of, 126; 
expansion of, on freezing, 200 
Water wheels, 167 
Watt, 148 

Watt, James, 147, 148 
Wave length, defined, 817 ; formula 
for, 318; of yellow light, 862; of 
other lights, 393 
Wave theory of light, 368 
Waves, condensational, 818; water, 
319; longitudinal and transverse, 
320 ; light, transvorse, 306; elec¬ 
tric, 413 

Weighing, method of substitution, 7 


Wet-and-dry-bulb hygrometer, 00 
Wheel, and axle, 142; gear, 144 
worm, 144; water, 167 
White light, nature of, 804 
Wilson, 0. T. R., 424 
Wimshurst electrical machine, 288 
Wind instruments, 844 
Windlass, 146, 140 
Winds, 201 

Wireless telegraphy, 414 
Work, defined, 181; units of, 182 
principle of, 141 
Wright, Orville, 810 

X rays, 410 

Yale lock, 141 
Yard, 2 

Yerkos telescope, 888 

Zoiss binocular, 801 
Zeppelin airship, 44 
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REVISED EDITION 

Mv ktuii'Ki A. Mir.i.i k.a.n' and Hknrv (J. (Jai.k, The*. University of Chicago 
*14” [’SfT*'i illuMtutcil 

111K Millikan and Cali* Physics is used to-day in more than four 
thousand leading schools throughout the country. The revised 
edition stands preeminent in its appeal to the pupil, its adaptation 
to the needs of the classroom, and its genuine worth. Among the 
features of this hook are: 

\ notably simple and interesting approach to the subject. 

The drat ami simple treatment of force and motion, the principles 
under lying the dynamo and motor, and other difficult subjects. 

The t omhitiaiioit of the wave method ami the ray method in light. 

The huge number of problems. 

The adequate tteatineut of the notable achievements of mod¬ 
ern physics, both in the field of application and in that of 
putc science. 


A FIRST COURSE IN 
LABORATORY PHYSICS 

Hy Roman A. Muu.ikan, Hunuv (I, (Iai.h, and IinwiN S. Bishop, 

The University of Chicago 

l l 5 jstgr., illu-.tt.Ucst, limtiul in cloth or in Hillrx Hinder 

Htxrv three experiments furnishing a complete survey of the 
subjei t !*v means of direct first-hand contact with the most signifi¬ 
cant physical principles and their applications to daily life. The 
experiments do not presuppose either a previous study of the sub¬ 
ject involved or an antecedent knowledge of physics. The book 
supplies the labotatory work to accompany the revised edition of 
Millikan and Chile's Physics, it can be used satisfactorily, however, 
with any textbook or independently of any classroom text. 
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elements of general science 

REVISED EDITION 

By Otis W. Caldwell, Teachers College, Columbia University, and 
William Lewis Eikhnbeuhy, University of Kansas 

Svo, doth, xii | 404 pages, illustrated 

The original textbook by Caldwell and Eikcnberry, published sev¬ 
eral years ago, was al once recognized as the first adequate book in 
the new field of general science. It was only natural, by reason of 
the extreme care with which the material was developed during six 
years of classroom experimentation and because of its noteworthy 
arrangement, its scientific accuracy, its nice balance in presenting 
each science not from a point of view within itself but in coherent 
relation to other sciences, and its general applicability to everyday 
phenomena, that this book should become a preeminent success. 

The need for a revision of this standard hook in a new and chang¬ 
ing subject is apparent. The authors have gout' over the entire work, 
making notable changes and additions. The logical arrangement of tin* 
chapters under five heads—The Air; Water and its Uses; Work and 
Energy; The Earth’s Crust; Life upon the Earth-—whieb marked 
the original edition has been retained, but important chapters have 
been added on astronomy, electricity, food and nutrition, industry and 
the arts. There are many new and valuable illustrations, charts, and 
diagrams, and a list of practical questions heads each chapter. 


A LABORATORY MANUAL IN 
GENERAL SCIENCE 

By Oris \V. Caldwell uiut \V. 1.. Kiuhniiiukv 
x> -|-134 pages, with diagrams, bound in doth or in Billex Binder 

Ninety-four exercises and some supplementary exercises, pro¬ 
viding laboratory work to accompany Caldwell and Kikenberry’s 
" General Science.” All the exercises are simple, and in many 
cases two or three can be covered in a single laboratory period. 
Only those have been included which through trial have, proved 
their value for use in the first year of high school. Common prob¬ 
lems and common materials are made the basis of the work. 
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A FIRST COURSE IN CHEMISTRY 

Hy \\ in i \m Mrl’m usi.Nund Wiu.iam K. Hhniihiison, Ohio State University 
4 ,( > illnKtr.iCft] 

I'khiiai's tlu* most unique feature of this book is its constant em¬ 
phasis upon tmdei lying principles and upon the. applications of chem¬ 
istry to everyday life. The material included embodies the very latest 
discoveries in lahorntoi y research and the most up-to-date pedagogical • 
methods. The hook lias been prepared especially to supply a brief 
course lor beginning students in chemistry. The treatment, while 
iemarkal.lv dear and interesting, never descends to the standard of 
the tneielv populat wunderbook, l he constant aim is to encourage 
sdrntilir hul.its of thought and to discourage superficialities. 

heatuies of the hook which challenge and hold the interest are: 
i. The simple, direct, and incisive style. 

The ueatment of chemistry as a constantly 
glowing and changing .science, 
y The abundance of helpful exercises. 

■I• The discussion of the practical applications of chem¬ 
ist! v to metallurgy, manufacturing, agriculture, 
household economies, hygiene, and sanitation. 

5. The sturdy modem spirit which yet avoids all 
unproved innovaiintis. 


1 ,AHORATORY KXKRCISKS 

To ,ncompany “ A First Course in Chemistry” 

, 1 1# |u$ri, iH.urul irt clnrli or in Hillex Binder 
Uke humlied < .tiefully selected and graded exercises, all of which 
can he |informed with the simplest and most inexpensive apparatus 
and which give the student a real insight into the principles as well 
as the applications of chemistry. 

'5»*t 
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TEXTBOOKS IN 

PHYSICS AND CHEMISTRY 

PHYSICS 

Cavanagh, Woslcolt, and Twining: Physios Laboratory Manual 

Hastings and Beach : Textbook uf General Physics 

Iliggins: Lessons in Physics 

Iliggins: Simple Experiments in Physics 

Hill: Essentials of Physics 

Ingersoll and Zobel: Mathematical Theory of Heat Conduction 
Jeans: Theoretical Mechanics 
Miller: Laboratory Physics 

Millikan: Mechanics, Molecular Physics, and Heat 
Millikan and Gale: First Course in Physics (Rev. Kd.) 

Millikan, Gale, and Bishop: First Course in Laboratory Physics 
Millikan and Mills: Electricity, Sound, and Light 
Mills: Introduction to Thermodynamics 
Packard: Everyday Physics 

Sabine: Laboratory Course in Physical Measurements 
Smith, Tower, and Turton: Manual of Experimental Physics 
Snyder and Palmer: One Thousand Problems in Physics 
Stone: Experimental Physics 

Wentworth and Hill: Textbook in Physics (Rev. Ed.) 

Wentworth and Hill: Laboratory Exercises (Rev. Ed.) 

CHEMISTRY 

Allyn : Elementary Applied Chemistry 

Dennis and Whillelsey: Qualitative Analysis (Rev. Ed.) 

Evans : Quantitative Chemical Analysis 

Hedges and Bryant: Manual of Agricultural Chemistry 

McGregory: Qualitative Chemical Analysis (Rev. Ed.) 

, McPherson and Henderson: An Elementary Study of Chemistry 
(Second Rev. Kd.) 

McPherson and Henderson: Course in General Chemistry 
Laboratory Manual for General G he. mis try 
McPherson and Henderson: First Course in Chemistry 
McPherson and Henderson: Laboratory Exercises in Chemistry 
Moore: Logarithmic Reduction Tables 
Morse: Exercises in Quantitative Chemistry 
Nichols: Laboratory Manual of 11 ouseliold "Chemistry 
Olsen: Pure Foods: their Adulteration, Nutritive Value, and Cost 
Sellers: Treatise on Qualitative Analysis (Rev. Eel.) 

Thorp : Inorganic Chemical Preparations 
Unger: Review Questions and Problems in Chemistry 
Williams: Chemical Exercises 
Williams : Essentials of Chemistry 


GINN AND COMPANY Pubmshers 

















